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Abstract
The investigation of the structure and dynamics of biomolecules is fundamental for the
understanding of their functional activity. Solid-state Nuclear Magnetic Resonance (NMR)
spectroscopy provides a methodology to access both at an atomic level. Traditionally, solid-
state NMR employs the detection of heteronuclei with low gyromagnetic ratios, which com-
promise the spectral sensitivity. Protons have the largest gyromagnetic ratio and their direct
detection is, in principle, most beneficial in terms of sensitivity. As opposed to molecules
in solution, for which 1H,1H dipolar couplings are averaged to zero by molecular tumbling,
these interactions are retained in the solid-state and cause severe line broadening. Deuter-
ation chemically dilutes the 1H,1H dipolar coupling network and was recently shown to
enable proton detection of amide and methyl resonances in perdeuterated and selectively
Ile/Leu/Val methyl-labeled protein samples, respectively. Resonances, other than methyls,
however, could not be observed in deuterated samples, so far. In particular, 1Hα,13Cα sites
are important probes for structure and dynamics.
In this thesis, a novel labeling scheme for solid-state NMR spectroscopy, the Reduced
Adjoining Protonation (RAP) scheme, is introduced, which allows proton detection of all
aliphatic sites, as shown for the microcrystalline SH3 domain of α-spectrin. The protein
was expressed in E. coli, using a minimal medium, containing uniformly deuterated 13C-
glucose and 5-25% H2O (95-75% D2O), respectively. These samples yield high-resolution,
1H-detected 1H,13C correlation spectra. The proton line widths are on the order of 0.04-
0.1 ppm (25-60 Hz at a 1H Larmor frequency of 600 MHz), employing scalar coupling
based magnetization transfers at a Magic Angle Spinning (MAS) frequency of 20 kHz,
while high-power decoupling of protons was not required. In addition, the benefit of high
MAS frequencies was investigated. We find, that the sensitivity can be increased by a factor
of 4-4.5, raising the MAS frequency from 20 kHz to 60 kHz.
1H- and 13C-detected 3D assignment experiments are implemented, which allowed us to
assign 90% of the 1Hα,13Cα backbone and side chain resonances of α-spectrin SH3. As the
chemical shift is dependent on the structural motif, it can be employed to derive secondary
structure information. Furthermore, a 1H-detected H(H)CH 3D experiment is introduced,
to obtain long-range 1H,1H contacts, which can be used for the determination of the tertiary
structure.
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To obtain artifact-free relaxation data, the RAP labeling scheme was modified. Use of
deuterated glycerol with alternating 12C/13C labeling yields sparsely proton labeled, 13C
dilute samples, in which spin diffusion is suppressed. To probe sub-microsecond dynamics,
we report experiments to determine 13C T1 relaxation times and 1H,13C dipolar coupling
tensors for backbone and side chain resonances, respectively. The latter give direct ac-
cess to model-free order parameters. The combination of RAP-glycerol labeling and fast
spinning is shown to sufficiently suppress coherent contributions, which currently distort
the quantification of dynamics in the solid-state, and enable the determination of motional
amplitudes and correlation times.
Furthermore, we show, that the RAP labeling scheme can be applied to non-crystalline
systems, such as amyloid fibrils of the Alzheimer’s disease peptide Aβ1-40. Using 1H-
detection, we obtained high-resolution 1H,13C correlation spectra, which are essential for
investigating the structure and dynamics of the fibrils.
Finally, we applied the perdeuteration approach to the L7Ae-box C/D protein-RNA com-
plex from P. furiosus, which is involved in site-specific ribose methylation. We obtained
high-resolution, 1H-detected 1H,15N, as well as 13C,13C correlation spectra of the protein-
RNA complex. In addition, we established a methodology to determine accurate distance
and angular restraints for the protein-RNA interface and propose approaches for the chem-
ical shift assignment of RNA resonances.
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Zusammenfassung
Die Erforschung der Struktur und Dynamik von Biomolekülen ist wesentlich für das Ver-
ständnis über ihre Funktion. Festkörper-Kernresonanz-Spektroskopie (NMR) ermöglicht ei-
ne Untersuchung beider Aspekte auf atomarer Ebene. Üblicherweise nutzt die Festkörper-
NMR die Detektion von Heterokernen mit kleinem gyromagnetischen Verhältnis, wodurch
die spektrale Sensitivität beeinträchtigt wird. Protonen besitzen das größte gyromagnetische
Verhältnis und daher ist ihre direkte Detektion, in Bezug auf die Sensitivität, vorteilhaft. Im
Gegensatz zu Molekülen im Lösungsmittel, für welche 1H,1H dipolare Kopplungen durch
molekulares Taumeln zu Null gemittelt sind, bleiben diese Interaktionen im Festkörper be-
stehen und verursachen starke Linienverbreiterungen. Das 1H,1H dipolare Kopplungsnetz-
werk wird durch Deuterierung chemisch verdünnt und ermöglicht, wie kürzlich gezeigt,
die Protonendetektion von Amid- und Methyl-Resonanzen in perdeuterierten bzw. selek-
tiv Ile/Leu/Val Methyl-markierten Proteinproben. Ausgenommen von Methylen, konnten
bisher jedoch keine weiteren Resonanzen in deuterierten Proben beobachtet werden. Insbe-
sondere sind 1Hα,13Cα Reste wichtige Messsonden für Struktur und Dynamik.
Im Rahmen der vorliegenden Arbeit, wird ein neuartiges Markierungsschema für die
Festkörper-NMR-Spektroskopie vorgestellt, das sogenannte Reduced Adjoining Protonati-
on (RAP) Schema, welches die Protonendetektion sämtlicher Aliphaten erlaubt, so wie hier
gezeigt für die mikrokristalline SH3 Domäne von α-Spektrin. Das Protein wurde in E. co-
li im Minimalmedium exprimiert, welches uniform deuterierte 13C-Glucose, sowie 5-25%
H2O (95-75% D2O) enthielt. Hochaufgelöste, 1H-detektierte 1H,13C Korrelationsspektren
wurden erhalten. Die Protonenlinienbreiten sind in der Größenordnung von 0.04-0.1 ppm
(25-60 Hz bei einer 1H Larmorfrequenz von 600 MHz), unter Verwendung von Magne-
tisierungstransfers, basierend auf der skalaren Kopplung, bei einer Rotationsfrequenz im
magischen Winkel (MAS) von 20 kHz, während eine Hochleistungsentkopplung von Pro-
tonen nicht erforderlich war. Des Weiteren wurde der Vorteil von hohen MAS-Frequenzen
untersucht. Dabei stellten wir fest, dass die Sensitivität um einen Faktor 4-4.5 gesteigert
werden kann, wenn die MAS Frequenz von 20 kHz auf 60 kHz gesteigert wird.
1H- und 13C-detektierte 3D Zuordnungsexperimente wurden implementiert, welche uns
die Zuordnung von 90% der 1Hα,13Cα Rückgrat- und Seitenketten-Resonanzen von α-
Spektrin SH3 erlaubten. Da die chemische Verschiebung abhängt vom Strukturmotiv, kann
sie verwendet werden, um Sekundärstruktur-Informationen abzuleiten. Darüber hinaus
wurde ein 1H-detektiertes H(H)CH 3D Experiment entwickelt, um weitreichende 1H,1H
Kontakte zu ermitteln, welche für die Bestimmung der Tertiärstruktur genutzt werden kön-
nen.
Um artefaktfreie Relaxationsdaten zu erhalten, wurde das RAP-Markierungsschema
modifiziert. Bei der Verwendung von deuteriertem Glycerol mit alternierender 12C/13C
Markierung werden 1H- und 13C-verdünnte Proben erhalten, in denen Spindiffusion un-
terdrückt ist. Für die Untersuchung von Sub-Mikrosekunden-Dynamik werden Experimen-
te vorgestellt zur Bestimmung von 13C T1 Relaxationszeiten und 1H,13C dipolaren Kopp-
lungstensoren für Rückgrat- und Seitenketten-Resonanzen. Letztere gewähren den direkten
Zugang zu Modell-unabhängigen Orderparametern. Es wird gezeigt, dass die Kombination
aus RAP-Glycerol-Markierung und schneller Rotation kohärente Beiträge, welche derzeitig
die Quantifizierung von Dynamik im Festkörper verfälschen, hinreichend unterdrückt und
dabei die Ermittlung von Amplituden und Korrelationszeiten von Bewegungen ermöglicht.
Des weiteren zeigen wir, dass das RAP-Markierungsschema auf nicht-kristalline Syste-
me, wie Amyloidfibrillen des Aβ1-40 Peptids der Alzheimer-Krankheit, angewendet werden
kann. Unter Verwendung von 1H-Detektion, erhielten wir hochaufgelöste 1H,13C Korrelati-
onsspektren, welche essenziell für die Untersuchung von Struktur und Dynamik der Fibril-
len sind.
Schließlich wurde der Perdeuterierungsansatz auf den L7Ae-box C/D Protein-RNA Kom-
plex aus P. furiosus angewendet, welcher an spezifischer Ribose-Methylierung beteiligt ist.
Wir erhielten hochaufgelöste, 1H-detektierte 1H,15N, sowie 13C,13C Korrelationsspektren
des Protein-RNA Komplexes. Weiterhin haben wir eine Methode zur Bestimmung genauer
Abstands- und Winkelinformationen für die Protein-RNA Schnittstelle etabliert und schla-
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1 Introduction
1.1 NMR spectroscopy in structural biology
The knowledge of atomic-resolution structures of biomolecules is crucial for the understand-
ing of their functional dynamics. To date, the most established techniques for determination
of high-resolution structures are X-ray crystallography and solution-state Nuclear Magnetic
Resonance (NMR) spectroscopy, while both techniques yield highly similar structures [Wag-
ner et al., 1992]. Within the domain of eukaryotes, up to now, 81% and 13% of the structures
were solved by X-ray diffraction (resolution ≤3 Å) and solution-state NMR spectroscopy, re-
spectively, according to the RCSB Protein Data Bank. It should be noted, that the first X-ray
structures were determined in the late 1950s [Kendrew et al., 1958, Muirhead and Perutz, 1963,
Blake et al., 1965], whereas first NMR structures were reported in the early 1980s [Braun et al.,
1983, Arseniev et al., 1984, Clore et al., 1985, Kaptein et al., 1985, Williamson et al., 1985,
Wagner et al., 1987]. Therefore, X-ray crystallography has, in principle, a time lead over NMR
spectroscopy of about 20 years. However, in 2012, still 3962 (85%) and 334 (7%) out of 4662
structures were solved by X-ray and solution-state NMR spectroscopy, hinting a faster access to
three-dimensional structures by crystallography.
Crystallization often represents the bottleneck in course of structure determination by X-ray
crystallography. Thereby, the most time-consuming step comprises the probing of conditions
to yield diffracting and adequately sized single crystals [Durbin and Feher, 1996, Chayen and
Saridakis, 2008]. This step, is avoided by application of solution-state NMR, as it only re-
quires solubility at sufficient concentrations for data collection. Though, the major limitation of
solution-state NMR spectroscopy is the rotational correlation time of the solvated biomolecule,
which is, to first approximation, proportional to the molecular weight. Up to molecular weights
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of 30-40 kDa, traditional NMR approaches for structure determination can be employed [Tu-
garinov et al., 2005]. Structural information can be extracted by NMR from two main sources
[Clore and Gronenborn, 1987, 1998a, Kanelis et al., 2001, Wuthrich, 2003], torsional angle and
through-space distance restraints, respectively.
The measurement of three-bond scalar coupling constants, as 3JHNα, 3JC’C’ and 3JCγC’, di-
rectly gives rise to torsional angle restraints φ (backbone) and χ1 (side chain) [Karplus, 1963,
Bax et al., 1994, Hu and Bax, 1996, Clore et al., 1998]. ψ backbone torsion angles can be
obtained by measuring cross-correlated relaxation between the 15N,1H(i) and 13Cα,1Hα(i−1)
dipoles [Reif et al., 1997], or between the 13Cα,1Hα(i) dipole and the 13C’ Chemical Shift
Anisotropy (CSA) [Yang et al., 1997c]. However, it was shown, that the chemical shift differ-
ence to the respective random coil value is highly dependent on the secondary structure motif
[Spera and Bax, 1991, Wishart et al., 1991]. Therefore, more frequently, dihedral angles are
derived from chemical shift values, performing a database search over sequence and chemical
shift homology [Cornilescu et al., 1999, Shen et al., 2009]. A structure determination approach,
based solely on protein chemical shifts, has also been reported for small proteins up to≈16 kDa
[Shen et al., 2008].
The second and particularly essential source of structural information, the distance restraint,
is derived from through-space experiments. In solution-state NMR, these experiments rely on
measuring the inter-proton Nuclear Overhauser Effect (NOE) [Overhauser, 1953a,b, Anderson
and Freeman, 1962]. The dipolar cross-relaxation rate constant, and therefore the NOE, is pro-
portional to r−6, with r being the inter-proton distance [Solomon, 1955, Jeener et al., 1979,
Meier and Ernst, 1979, Kumar et al., 1980, Cavanagh et al., 1996]. That way, the NOE corre-
lates cross-peak intensities in multi-dimensional experiments to distance information, which can
be used to determine the tertiary structure fold [Oschkinat et al., 1988, Clore and Gronenborn,
1991].
Since the upper distance limit, which can be probed by the 1H,1H NOE, is about 5 Å, the
NOE only provides local information. Therefore, domain orientations are difficult to obtain
[Kanelis et al., 2001]. Long-range orientational information can be determined by Residual
Dipolar Coupling (RDC) experiments [Bastiaan et al., 1987, Tolman et al., 1995, Tjandra and
2
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where δD,i j is the dipolar coupling anisotropy, θ is the angle between the vector connecting
nuclei i and j and the applied magnetic field, and Izi and Iz j are the spin operators for the two
nuclei, respectively. The angular bracket denotes a time average over a single molecule [Meiler
et al., 2001], which is equal to zero in an isotropic environment, as internal and molecular tum-
bling motions occur on time scales shorter than the 1H,13C or 1H,15N dipolar interaction in Hz
(< 1 µs). However, placing any molecule, paramagnetic or diamagnetic, in a magnetic field,
induces a magnetic dipole moment, that is proportional to its magnetic susceptibility tensor χ
and to the square of the external magnetic field [Lohman and Maclean, 1978, 1979]. The inter-
action energy, resulting from these induced magnetic dipole moments, will align the molecule
in the magnetic field. However, the Brownian motion disturbs the ordering. A molecular align-
ment is only achieved as long as the interaction energies are larger than the thermal energy kT
[Prestegard and Kishore, 2001]. Due to the negligibly small induced magnetic dipole moments,
diamagnetic molecules undergo nearly isotropic tumbling and the dipolar Hamiltonian in equa-
tion 1.1 averages to zero.
To enhance the alignment and to yield measurable dipole splittings, anisotropic alignment
media, as bicelles [Clore and Gronenborn, 1998b, Prestegard et al., 2000], are employed. The
dissolved proteins adopt some of the order of the bicelles and, therefore, the molecules still
tumble rapidly, as required for high-resolution spectroscopy, but they tumble anisotropically.
This induces dipole splittings, which can be tuned by adjusting the concentration of the bi-
celles [Prestegard, 1998]. The combination of different alignment media and dipolar coupled
probes, such as 1H,15N, 1H,13C, 13C,13C, then allows to determine, for example, domain ori-
entations, which usually display an unsufficient number of inter-domain NOEs for traditional
structure determination [Ramirez and Bax, 1998, Clore et al., 1999, Al-Hashimi et al., 2000,
Skrynnikov et al., 2000]. The resolution loss due to the slow tumbling regime for large pro-
teins can partially be compensated by deuteration and the application of Transverse Relaxation
Optimized Spectroscopy (TROSY) [Pervushin et al., 1997]. The introduction of TROSY was
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a turning point in solution-state NMR as it allows to investigate structure and dynamics of dis-
solved biomolecules with molecular weights of several hundreds of kDa [Salzmann et al., 1998,
Pervushin, 2000, Fiaux et al., 2002, Tugarinov et al., 2002, Fernandez and Wider, 2003]. In
terms of interference of two relaxation mechanisms (DD/CSA for backbone and DD/DD for
methyls, where DD means Dipole-Dipole), TROSY selects exclusively the slowly relaxing com-
ponent to reduce transverse relaxation and extends the molecular size-limitation to about 1 MDa
[Fernandez and Wider, 2003, Tugarinov et al., 2003, Sprangers and Kay, 2007, Kay, 2011].
Very recently, a most promising approach was presented, which, in principle, allows to off-
set the spectroscopic size-limitation for large, dissolved molecular complexes by use of MAS
solid-state NMR spectroscopy [Mainz et al., 2009]. The method is based on transient protein
sedimentation [Bertini et al., 2011b].
However, large complexes of several MDa, membrane proteins in their native lipid environ-
ment, and, especially, insoluble protein aggregates, as the biomedically important amyloid fib-
rils, are difficult or impossible to study by high-resolution solution-state NMR spectroscopy.
This is due to exceedingly long rotational correlation times for these systems and the J(0) depen-
dency of T2 relaxation. On the other hand, solid-state NMR is not subject to any size-limitation,
because solid-state samples do not undergo molecular reorientations. Here, the averaging of
anisotropic interactions is achieved actively by Magic Angle Spinning (MAS) [Andrew et al.,
1958, Lowe, 1959]. Both the CSA and the dipolar coupling Hamiltonian depend on the second




. Here, θ is the angle between the magnetic
field ~B0 and the z-axis in the principal axis frame of the shielding tensor (for CSA) or the in-
ternuclear dipole vector (for the dipolar coupling), respectively. Therefore, for averaging of
anisotropic interactions, the sample is rotated at the magic angle θMA = arccos1/
√
3 = 54.7◦
at which P2(cosθMA) = 0. The CSA Hamiltonian reduces to its isotropic part and the dipolar
coupling to zero, as the dipolar coupling tensor is traceless [Duer, 2002].
This is illustrated in Figure 1.1, assuming only a CSA or dipolar coupling Hamiltonian, re-
spectively. The static spectra of the solid powder display broad resonances with a typical line
shape (black curves), which results from sampling the contributions of all crystallite orienta-
tions. In contrast, the simulated solution-state spectrum shows in both cases (CSA and DD)
4
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narrow resonances (orange), indicating the intrinsic high resolution yielded by solution-state
NMR.
Figure 1.1: NMR spectra under the influence of CSA (left) and the dipolar coupling Hamiltonian (right) were simu-
lated for a static (black) and rotating powder at the magic angle (red, blue, cyan), as well as for a dissolved molecule
(orange). Numerical simulations were carried out using the SIMPSON software package [Bak et al., 2000]. All spec-
tra were apodized by applying 50 Hz line broadening prior to Fourier transformation. The principal components of
the CSA shielding tensor for a single 1H spin were σxx = σ22 = 44 ppm, σyy = σ33 = 46 ppm, σzz = σ11 = 60 ppm,
which yields an asymmetry of η = 0.2. The virtual, external magnetic field was set to 2.3 T (100 MHz). For simu-
lating a typical dipolar Pake pattern [Pake, 1948, Levitt, 2008], a 1H,1H spin pair with a dipolar coupling anisotropy,
δIS, of 2 kHz was assumed. At fast spinning (ωr  ω) the central frequency obtained for the solid powder sample
coincides with the isotropic value for the dissolved molecule, undergoing ideal isotropic tumbling.
Spinning a solid-state powder sample around the magic angle with respect to the applied mag-
netic field, collapses the broad powder pattern into spinning sidebands, occuring at multiples of
the spinning frequency ±ωr [Herzfeld and Berger, 1980]. The sidebands accumulate to a nar-
row central transition at sufficiently fast spinning frequencies (ωr ω). Therefore, anisotropic
contributions are eliminated, which, in principle, yields the same resolution as in solution-state
NMR (Figure 1.1, cyan).
Nowadays, MAS probes are available, which enable spinning frequencies up to 60-70 kHz.
However, higher rotation frequencies of up to 100-150 kHz are required to average the strong
1H,1H dipolar coupling network, which predominantly limits the resolution in the solid-state
[Samoson et al., 2001, Marchetti et al., 2012]. Particularly, 1H spectroscopy is severely impeded
as 1H,1H spin pairs display the largest dipolar couplings owing to the large 1H gyromagnetic
ratio. On the other hand, homonuclear 13C,13C and heteronuclear 1H,13C and 1H,15N dipolar
5
1 Introduction
couplings are reduced by almost an order of magnitude (2-25 kHz for typical bond lengths) as
compared to homonuclear 1H,1H couplings (≈100 kHz assuming the same distances). There-
fore, protein solid-state NMR spectroscopy of uniformly protonated samples is essentially based
on 13C- and 15N-detection, respectively, since heteronuclear dipolar couplings are sufficiently
averaged at currently available rotation frequencies.
Structure determination in the solid-state adopts many aspects from the 1H-detected solution-
state NMR approach [Luca et al., 2003]. Similarly,φ,ψ and χ1 dihedral angles can be accurately
determined as for dissolved proteins [Feng et al., 1997, Hong et al., 1997, Fujiwara et al., 1998,
Reif et al., 2000], which yielded e.g. the three-dimensional structure of a small tripeptide [Rien-
stra et al., 2002b]. However, most commonly, dihedral angles are derived from chemical shifts
[Cornilescu et al., 1999] (vide supra).
As opposed to solution-state NMR, accurate distances can be obtained in the solid-state by
recoupling of specific dipolar coupled nuclei [Kovacs et al., 2007]. Various sequences were pro-
posed [Roberts et al., 1987, Hohwy et al., 2000, Zhao et al., 2001a,b, Dvinskikh et al., 2005,
2003], as Rotational-Echo Double-Resonance (REDOR) [Gullion and Schaefer, 1989, Gullion,
1998, Pan et al., 1990, Jaroniec et al., 2000] for heteronuclear and rotational-resonance [Raleigh
et al., 1988] for homonuclear distance measurements, respectively. Accurate distances enabled
the structure determination of peptides and small peptide fragments [Jaroniec et al., 2002, Rien-
stra et al., 2002b]. In larger systems, as for example proteins, the resolution is limited due to
spectral crowding and accurate distance determination becomes challenging as the number of
recoupled spins is increased due to a higher spin density, which complicates the data analysis.
Therefore, in analogy to the solution-state 1H,1H NOE approach, rather a multitude of roughly
estimated through-space distance restraints are incorporated for structure determination, using
unambiguous and, as shown recently, ambiguous distance restraints [Linge et al., 2001, Castel-
lani et al., 2002, Zech et al., 2005, Ferguson et al., 2006, Franks et al., 2008, Loquet et al., 2008,
Manolikas et al., 2008, Wasmer et al., 2008, Jehle et al., 2010b, 2011, Loquet et al., 2012, Park
et al., 2012, Shahid et al., 2012].
In solid-state NMR, traditionally, NCOCX and NCACX experiments are employed for se-
quential assignments [Baldus et al., 1998, Pauli et al., 2001], which are supplemented with
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a 13C,13C homonuclear mixing scheme as Proton-Driven Spin Diffusion (PDSD) [Szeverenyi
et al., 1982], RAD/DARR [Takegoshi et al., 2001, 2003, Morcombe et al., 2004], Radio-Frequency-
Driven Dipolar Recoupling (RFDR) [Bennett et al., 1992, 1998], or Proton Assisted Recoupling
(PAR) [De Paepe et al., 2008], respectively. These experiments are following the principles
of solution-state NMR experiments, as HNCO, HNCA, HNCACB and HC(C)(CO)NH-TOCSY
[Ikura et al., 1990a, Kay et al., 1990, Montelione et al., 1992, Grzesiek et al., 1993, Lyons et al.,
1993, Grzesiek and Bax, 1992, Farmer and Venters, 1995]. Especially PDSD, and the more re-
cently proposed PAR sequence, yield short- as well as long-range contacts, which are essential
to determine the tertiary protein fold, since these mixing sequences are less prone to dipolar
truncation [Grommek et al., 2006, De Paepe et al., 2008]. Furthermore, dipolar truncation can
be reduced by labeling of non-consecutive carbon nuclei [LeMaster and Kushlan, 1996, Hong
and Jakes, 1999, Castellani et al., 2002, Lundstrom et al., 2007, Loquet et al., 2010, 2011].
1.2 High resolution and high sensitivity: the deuteration approach
The first application of protein deuteration was demonstrated in solution-state NMR spectros-
copy in the late 1960s, while the approach has been highly extended over the past decades
[Crespi et al., 1968, Markley et al., 1968, Crespi and Katz, 1969, Kalbitzer et al., 1985, Lemaster
and Richards, 1988, Lemaster, 1994, Yamazaki et al., 1994a, Grzesiek et al., 1995, Shan et al.,
1996, Garrett et al., 1997, Gardner and Kay, 1998]. Nowadays, deuteration, as well as TROSY
techniques, are routinely applied to improve spectral sensitivity and resolution, as 1H,1H dipole
mediated line broadening is chemically suppressed [Pervushin et al., 1997, Fiaux et al., 2002,
Tugarinov et al., 2002, Fernandez and Wider, 2003].
In the solid-state, peptide and protein deuteration was introduced about thirty years later by
Zilm, Reif and co-workers [Reif et al., 2001, Reif and Griffin, 2003, Reif et al., 2003, Morcombe
et al., 2005, Chevelkov et al., 2006, Hologne et al., 2006, Linser et al., 2011b, Reif, 2012]. As
molecular tumbling is absent in the solid-state, anisotropic interactions are not averaged (cf.
Figure 1.1, page 5). Therefore, the strong 1H,1H dipolar coupling network induces severe line
broadening, particularly to 1H resonances, as 1H possesses the largest gyromagnetic ratio. In
7
1 Introduction
this manner, 1H-detection is strongly impeded in the solid-state.
Employing 1H,1H homonuclear decoupling sequences, proton line widths of about 100-500 Hz
can be achieved [Bielecki et al., 1989, Levitt et al., 1993, Vinogradov et al., 1999, Sakellar-
iou et al., 2000, Bosman et al., 2004], which are still two orders of magnitude larger than
solution-state line widths. However, it was shown, that in the solid-state, the proton line width
of exchangeable protons can amount to 20-40 Hz, in case heavily deuterated samples are em-
ployed [Chevelkov et al., 2006, Schanda et al., 2009, Akbey et al., 2010, Knight et al., 2011,
Lewandowski et al., 2011a], since the 1H,1H dipolar network is diluted. To enable 1H-detected
1H,15N correlation experiments in the solid-state, the protein sample is expressed, using uni-
formly deuterated glucose, as well as 15N-labeled ammonium chloride [Chevelkov et al., 2006].
To further dilute the 1H,1H dipolar coupled spin bath, the purified protein is back-exchanged in
a buffer containing 10-20% H2O and 90-80% D2O, respectively.
Methyl protons are accessible by making use of specific precursors for amino acid biosyn-
thesis [Agarwal et al., 2006, Agarwal and Reif, 2008, Huber et al., 2011, Schanda et al., 2011a,
Huber et al., 2012], or by exploiting the fact that commercially available precursors are typi-
cally not 100% enriched in 2H [Agarwal and Reif, 2008]. The deuteration scheme is not only
applicable to microcrystalline proteins, but is also successfully implemented in amyloid fibrils,
membrane proteins [Linser et al., 2011b] and, as shown in the present thesis, protein-RNA com-
plexes (section 3.7, page 137).
Deuteration not only improves the resolution by increasing the effective T2 times, it also en-
ables 1H-detection in the solid-state [Reif and Griffin, 2003, Chevelkov et al., 2006]. Proton
detection can, in principle, provide a gain in sensitivity by a factor of 8 and 31, compared to
the 13C- or 15N-detected version of the experiment, respectively, according to (γH/γX)
3/2 (X =
13C, 15N) [Cavanagh et al., 1996]. Therefore, proton is preferred over heteronuclear detection.
However, in practice, to determine a sensitivity enhancement factor also the quality factor and
the geometry of the rf coil has to be considered [Ishii et al., 2001], yielding a slightly smaller
enhancement [Reif and Griffin, 2003].
In biomolecular solid-state NMR spectroscopy, routinely cross polarization (CP) is employed,
in order to improve the experimental sensitivity of low-abundant spins (Figure 1.2A), such as
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13C and 15N, which are coupled to a proton spin bath [Hartmann and Hahn, 1962, Pines et al.,
1973, Schaefer and Stejskal, 1976, Stejskal et al., 1977]. S spin (13C, 15N) detection is common
in the solid-state, as direct I spin (1H) detection is hampered by large 1H,1H dipolar couplings.
However, S spins usually possess low gyromagnetic ratios, compromising the achievable sen-
sitivity per unit time. To obtain I S CP in rotating solids and increase the S polarization, the
Hartmann-Hahn matching condition has to be fulfilled (zero-quantum condition) [Hartmann and
Hahn, 1962, Marks and Vega, 1996, Rovnyak, 2008]
ω1Iω1S = kωr, (1.2)
in which ω1I and ω1S are the spin-lock fields applied to the I and S channels, ωr is the MAS
rotation frequency and k =±1,±2 [Marks and Vega, 1996], respectively. Matching the sideband
at k =±1 yields optimal sensitivity for short spin-lock contact times. At very long contact times
the k = ±2 sidebands are about equally populated [Meier, 1992]. To broaden the CP matching
profile, an amplitude ramp is employed [Metz et al., 1994]. An intensity maximum is obtained
by centering the ramp on a sideband, matching the Hartmann-Hahn condition, and by adjusting
the ramp size to cover the full-width of the sideband. The ramp can be implemented by linearly
changing the rf field strength on the I or S channel, respectively.
Figure 1.2: Sensitivity enhancement of S spins with a typically low gyromagnetic ratio and abundance by employing
(A) a cross polarization (CP) (“SL” means spin-lock) or (B) an Insensitive Nuclei Enhanced by Polarization Transfer
(INEPT) sequence, respectively. Including the bracketed part, yields a refocussed INEPT sequence. The I spin is an
abundant, high-γ nucleus, usually 1H.
In solution-state NMR spectroscopy, the most established heteronuclear polarization transfer
9
1 Introduction
technique, Insensitive Nuclei Enhanced by Polarization Transfer (INEPT), is used for improving
the sensitivity of low-γ nuclei [Becker et al., 1969, Bodenhausen and Freeman, 1977, Morris and
Freeman, 1979]. As opposed to CP, INEPT solely relies on through-bond scalar transfers. The
typical INEPT building block is depicted in Figure 1.2B. Immediately before the first bracket,
the magnetization has evolved to an anti-phase operator [Sorensen et al., 1983, Cavanagh et al.,
1996], 2IzSx, while setting the τ delay to 1/4JIS. Here, JIS is the heteronuclear scalar coupling
constant between spin I and S, respectively. Applying a decoupling field to the I spins at this
point of the pulse sequence would eliminate the S spin magnetization due to destructive inter-
ference, as the positive and negative component of the anti-phase doublet would cancel each
other. Extending the sequence by another so-called spin echo element (sequence in brackets),
yields the in-phase operator, Sx. The experiment including the spin echo is known as refocussed
INEPT [Burum and Ernst, 1980, Morris, 1980].
In principle, the enhancement factor for both CP and INEPT is given by the ratio γI/γS. How-
ever, a further sensitivity gain per unit time is achieved by excitation of I spins as compared to
S spins. Most commonly, the I spin is 1H and the S spin 13C or 15N, respectively. As the 1H T1
relaxation times are about an order of magnitude shorter than 13C and 15N T1 times, I excited
experiments require a significantly shorter recycle delay for recovery of Boltzmann magnetiza-
tion.
1.3 Protein dynamics
Globular proteins are typically tightly packed, however, can undergo substantial motion on the
pico- to millisecond time scale. Often, this motion is linked to function [Levy et al., 1981a,
Karplus and Petsko, 1990, Henzler-Wildman et al., 2007, Henzler-Wildman and Kern, 2007,
Markwick et al., 2008]. The NMR-relaxation relevant time scales of protein motions can be
divided into a fast (ps-ns) and slow motional (µs-ms) regime, respectively (Figure 1.3). On
the fast time scale methyl rotations and rotameric jumps occur, next to molecular tumbling of
dissolved molecules. Folding, as well as loop and domain motions usually occur on slower time
scales. X-ray diffraction samples, in principle, a larger range of motions, as compared to NMR
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spectroscopy, since it is also sensitive to very fast motions in the femtosecond regime. However,
X-ray diffraction usually yields a motional average, whereas any particular motional time scale
can be probed by a variety of NMR experiments [Mittermaier and Kay, 2006, Henzler-Wildman
and Kern, 2007, Kleckner and Foster, 2011].
Figure 1.3: Functional relevant time scales of protein dynamics. The different processes (top) and biophysical
methods (bottom) are related to a time scale of femto- to kiloseconds. The figure was modified from [Henzler-
Wildman and Kern, 2007, Kleckner and Foster, 2011].
For a thermodynamical and kinetical understanding of motions occuring for folded proteins,
an energy-landscape concept was introduced [Frauenfelder et al., 1979, Ansari et al., 1985,
Frauenfelder et al., 1991, Henzler-Wildman and Kern, 2007], which is illustrated in Figure 1.4.
A protein in an equilibrium conformation can assume a very large number of conformational
substates, which form the scaffold for protein motions [Austin et al., 1975, Cooper, 1976]. In
Figure 1.4 two tiers of substates are depicted, indicating the hierarchical nature of protein mo-
tions. Tier-0 dynamics comprises fluctuations in the slow motion regime (µs-ms), in which
the free energy of the distinct states are separated by several kT [Henzler-Wildman and Kern,
2007]. Many biological processes, as enzyme catalysis, signal transduction and protein-protein
interactions occur on this time scale.
However, the protein is not statically confined within a tier-0 state. It rather fluctuates on
a faster time scale (ps-ns) around the average structure. These small-amplitude fluctuations,
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described by tier-1 dynamics (Figure 1.4), sample a large ensemble of structurally similar states,
separated by energy barriers of less than kT .
Figure 1.4: Schematic energy landscape of protein motions, illustrating the hierarchical arrangement of conforma-
tional substates. The figure was modified from [Ansari et al., 1985, Henzler-Wildman and Kern, 2007].
NMR spectroscopy is sensitive to both fast and slow motions and enables the determination of
the time scale of transitions as well as structural parameters in atomic resolution. µs-ms motions
can be probed by relaxation dispersion experiments [Loria et al., 1999, Palmer, 2004, Tollinger
et al., 2012]. The present thesis addresses rather fast time scale motions, which can be investi-
gated by T1 relaxation experiments, as well as by dipolar order parameters. An introduction to
both dynamics probes, order parameter and T1, will be given in the respective sections 3.4 (page
74) and 3.5 (page 97).
1.4 Objectives of the thesis
Biological magic angle spinning (MAS) solid-state Nuclear Magnetic Resonance (NMR) spec-
troscopy has developed rapidly over the past two decades, facilitating structural studies of crys-
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talline [Castellani et al., 2002, Zech et al., 2005, Franks et al., 2008, Jehle et al., 2010b] and
non-crystalline systems [Jaroniec et al., 2002, Ferguson et al., 2006, Petkova et al., 2006, Was-
mer et al., 2008, Loquet et al., 2012, Park et al., 2012, Shahid et al., 2012]. For the structure
determination of a protein by solid-state NMR, routinely 13C,13C distance [Castellani et al.,
2002], as well as dihedral restraints [Reif et al., 2000, Rienstra et al., 2002a] are employed.
Thereby, aliphatic resonances are essential to access tertiary structure information of a protein,
since long-range restraints between side chains are fundamental for defining the protein fold
[Liu et al., 1992, Gardner et al., 1997, Zwahlen et al., 1998, Huber et al., 2011].
In the solid-state, sparsely 13C labeled proteins are employed to determine long-range 13C,13C
restraints [LeMaster and Kushlan, 1996, Hong and Jakes, 1999, Castellani et al., 2002, Lund-
strom et al., 2007, Loquet et al., 2010, 2011, 2012], while reducing dipolar truncation, which
attenuates long-range interactions. Rather than 13C, protons are ideally suited to deliver non-
trivial distance restraints due to their peripheral localization within the side chain and their large
gyromagnetic ratio.
However, the so far established 13C-detected experiments for the determination of structural
restraints suffer from a low signal-to-noise level due to the detection of low-γ nuclei. Further-
more, high-resolution 1H spectra of non-exchangeable, aliphatic protons are difficult to achieve
in the solid-state, even when homonuclear decoupling schemes are employed [Bielecki et al.,
1989, Vinogradov et al., 1999, Lesage et al., 2003], which is due to the large, intrinsic 1H,1H
dipolar couplings.
This was the starting point of the present thesis. As part of it, we introduced the Reduced Ad-
joining Protonation (RAP) labeling scheme, which enables 1H-detection of aliphatic resonances
with high resolution and sensitivity, while bypassing homo- and heteronuclear high-power 1H
decoupling, which protects the biological samples against heat denaturation. In order to re-
duce the proton density of non-exchangeable aliphatic protons in a protein, we prepared highly
deuterated, uniformly 13C,15N isotopically enriched samples of the Src homology 3 (SH3) do-
main of chicken α-spectrin, using u-[2H,13C] glucose and 5-25% H2O (95-75% D2O) in the M9
bacterial growth medium, based on approaches known from solution-state NMR [Kushlan and
Lemaster, 1993, Nietlispach et al., 1996, Hochuli et al., 2000, Shekhtman et al., 2002].
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Employing α-spectrin SH3 as a model system, we show, that using the RAP labeling scheme,
proton detected high resolution 1H,13C correlation spectra are obtained, which enable full 1H,13C
backbone and side chain resonance assignment, as well as the determination of long-range 1H,1H
distance restraints. The RAP labeling was also combined with sparse 13C-labeling, yielding an
additional, significant resolution improvement in the 13C dimension.
It will be demonstrated, that fast Magic Angle Spinning (MAS) frequencies ≥40 kHz further
enhance the sensitivity and resolution of 1H and 13C resonances and, especially, enable the
determination of motional information, derived from backbone and side chain T1 times and
order parameters, respectively. We show, that, besides fast spinning, sufficient suppression of
coherent contributions simultaneously requires 1H and 13C spin dilution.
The RAP labeling scheme was applied to Aβ1-40 amyloid fibrils, introduced in section 1.5.2
(page 16). In non-crystalline systems, spectral resolution and sensitivity are usually compro-
mised, due to a lower degree of sample homogeneity as compared to crystals. Furthermore,
these systems do not provide high expression yields, which further impairs the sensitivity. This
made the application of the RAP labeling scheme particularly beneficial, as it enables proton
detection and adds the proton chemical shift dimension to the traditional 13C and 15N dimen-
sions, respectively. Well dispersed 1H,13C correlation spectra of Aβ1-40 were yielded, which is a
prerequisite to obtain assignments and distance restraints for a structural characterization of the
fibrils.
Probing the accessibility of a protein-RNA complex (introduced in section 1.5.3, page 17)
by solid-state NMR was a further objective of the thesis. So far, biomolecular solid-state NMR
spectroscopy mostly centers on protein investigations, while RNA or DNA have been studied
in very few cases [Riedel et al., 2006, Jehle et al., 2010a, Huang et al., 2011b], which, how-
ever, is not reflective of a minor biological importance, as fundamental biochemical processes
involve RNA and DNA. We show, that perdeuteration yields high-resolution spectra for pro-
tein and RNA. Spectral differences, encountered for protonated and deuterated RNA, provide
accurate distance and angular restraints for the protein-RNA interface, which can be used for
structure calculation of large protein-RNA complexes, as solid-state NMR is not subject to a
size or solubility limitation.
14
1.5 Investigated biological systems
1.5 Investigated biological systems
In the present thesis, three different biological systems were employed, the SH3 domain of
chicken α-spectrin, Aβ1-40 amyloid fibrils, as well as the L7Ae-box C/D protein-RNA complex,
respectively. These systems will be introduced in the following.
1.5.1 SH3 domain of α-spectrin
The Src homology 3 (SH3) domain is a small, globular protein domain, which contains about
60-85 residues and forms a β-barrel structure, as illustrated in Figure 1.5 [Musacchio et al.,
1992, 1994]. The SH3 domain binds to proline-rich ligands [Cicchetti et al., 1992, Ren et al.,
1993] and is shared among signaling proteins, such as tyrosine kinases of the Src family, v-/c-
Crk, PI-3 kinase and PLCγ , as well as cytoskeletal proteins, such as α-/β-spectrin and Abp1
[Geli et al., 2000, Mayer, 2001, Kay, 2012], respectively. The SH3 domain was found in yeast
and amoeba, as well as in invertebrates and vertebrates, the evolutionary conservation indicates
a vital cellular function.
Figure 1.5: Crystal structure of the Src homology 3 (SH3) domain of chicken α-spectrin (PDB: 2NUZ) [Chevelkov
et al., 2007b]. The amino acid sequence is given at the bottom of the figure. The protein structure and sequence are
color-coded, according to the secondary structure elements.
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The SH3 domain of chicken α-spectrin is represented in Figure 1.5 [Musacchio et al., 1992,
Viguera et al., 1996, Chevelkov et al., 2007b]. The fold is essentially formed by five anti-parallel
β-strands and three loops, namely, the RT, the n-Src and the distal loop, respectively [Camara-
Artigas et al., 2010]. Although various SH3 domains adopt a highly similar β-barrel fold, dif-
ferent conformations for the RT and n-Src loops were obtained [Feng et al., 1995, Morken et al.,
1998, Kay et al., 2000]. As the flank sequence of a ligand binds to a groove between the two
loops, the interaction of the ligand and both loops is fundamental for sequence specificity. Fur-
thermore, it was shown, that the amyloidogenic property of PI3-SH3 can be “transferred” to
α-spectrin SH3, which does not form amyloid fibrils, by transplanting a stretch of six residues
from PI3-SH3 to the RT loop of α-spectrin SH3 [Ventura et al., 2004].
The SH3 domain of chicken α-spectrin was used in the present thesis as a model system for
establishing a new labeling scheme for solid-state NMR spectroscopy. Besides substantiated
prior knowledge about the crystal structure and dynamics [Musacchio et al., 1992, Castellani
et al., 2002, Chevelkov et al., 2007a,b,c, Agarwal et al., 2008, Chevelkov et al., 2008, Chevelkov
and Reif, 2008, Chevelkov et al., 2009a,b, 2010], which simplify validating experimental and
simulated data, a high protein amount was yielded for α-spectrin SH3 in E. coli cells.
1.5.2 Aβ1-40 amyloid fibrils
Amyloid fibrils are typically straight, filamentous aggregates of peptides or proteins, typically
with a diameter of 10 nm and lengths of 100 nm to several µm [Sipe, 1992, Tycko, 2006]. They
can be visualized by Transmission Electron Microscopy (TEM) with negative staining, as shown
in Figure 1.6A. Fibrils are associated with several diseases, such as Alzheimer’s disease, type
2 diabetes and Parkinson’s disease [Sacchettini and Kelly, 2002]. Due to the insolubility of the
fibrils, solid-state NMR spectroscopy became an invaluable tool for structural investigations, as
solubility is a prerequisite for alternative high-resolution methods, such as X-ray crystallography
and solution-state NMR spectroscopy. In this manner, the first high-resolution structures of
fibrils could be determined in the solid-state (cf. Figure 1.6B) [Jaroniec et al., 2002, Heise et al.,
2005, Ferguson et al., 2006, Petkova et al., 2006, Shewmaker et al., 2006, Wasmer et al., 2008].
16
1.5 Investigated biological systems
Figure 1.6: (A) Transmission Electron Microscopy (TEM) image of amyloid fibrils formed by the human Aβ1-40
peptide. The image was taken from Petkova et al. [2005]. (B) Quaternary structural model of Aβ1-40 fibrils (PDB:
2LMN) [Petkova et al., 2006]. The blue double arrow indicates the long, fibrillar axis.
Aβ1-40 is produced by the proteolysis of β-amyloid precursor protein (APP), an ubiquitous,
single-transmembrane, receptor-like protein [Selkoe, 2001, Haass and Selkoe, 2007]. The cleav-
age is mediated by γ-secretase. The γ-cut occurs variably after Aβ amino acids 38, 40 or
42. The different fragments possess different self-aggregating potentials, however, only Aβ1-42
shows a strong oligomerization propensity in vivo.
As shown in a number of studies, homogeneous Aβ1-40 fibril samples can be obtained, which
enables high-resolution solid-state NMR spectroscopy [Petkova et al., 2005, 2006, Bertini et al.,
2011a, Dasari et al., 2011, Lopez Del Amo et al., 2012, Lopez del Amo et al., 2012]. Following
these protocols, Aβ1-40 fibrils were prepared, while employing the herein introduced Reduced
Adjoining Protonation (RAP) labeling scheme, which facilitates 1H-detection of aliphatic reso-
nances in the solid-state and adds the 1H dimension to the traditional 13C and 15N dimensions,
respectively.
1.5.3 L7Ae-box C/D protein-RNA complex
In the past decades, primarily protein samples have been studied in the solid state, while only
few investigations of RNA or DNA have been reported [Riedel et al., 2006, Cherepanov et al.,
2010, Huang et al., 2010, Jehle et al., 2010a, Huang et al., 2011b, Sergeyev et al., 2011]. How-
ever, many fundamental biochemical processes are carried out by protein-RNA complexes, the
most prominent of which is the translation machinery. Prior to assembly of the eukaryotic ri-
bosome, which catalyzes translation of messenger RNA, the RNA of the ribosomal subunits
17
1 Introduction
becomes extensively modified [Maden, 1990]. The modifications consist of conversion of uri-
dine to pseudouridine, base and 2’-O-ribose methylation, which cluster predominantly within
functionally crucial regions [Decatur and Fournier, 2002]. It is suggested, that the modifications
play an important role in RNA folding [Helm, 2006].
In eukaryotes, the site-specific methylation of 2’-O-ribose units is guided by small nucleolar
RNAs (snoRNAs) [Kiss-Laszlo et al., 1998, Kiss, 2001]. These snoRNAs are defined by two
conserved sequence elements, the C box (RUGAUG, where R is purine) and D box (CUGA)
[Tyc and Steitz, 1989, Ye et al., 2009] (Figure 1.7). The snoRNAs are complexed with specific
proteins and assemble to form ribonucleoprotein particles (snoRNPs). In archaea, the small
ribonucleoprotein particle (sRNP) is composed of a box C/D snoRNA-like RNA (sRNA) and
three proteins, L7Ae, Nop56/58, and fibrillarin, of which fibrillarin is the methyltransferase
[Omer et al., 2002, Moore et al., 2004, Oruganti et al., 2007]. The assembly of archaeal sRNP is
initiated by the binding of L7Ae to box C/D RNA. Upon binding, the sRNA folds into a K-turn
motif [Moore et al., 2004, Falb et al., 2010].
Figure 1.7: Illustration of the crystal structure of the L7Ae-box C/D RNA complex from Archaeoglobus fulgidus (AF)
(PDB: 1RLG) [Moore et al., 2004]. The box C/D elements are highlighted in red, the remaining nucleobases in gold.
β-sheets and loops of L7Ae are in cyan, helices in marine blue.
Here, we studied the protein-RNA interaction of the archaeal L7Ae protein from Pyrococcus
furiosus (PF) with a 26-mer box C/D RNA. So far, high-resolution structures are only available
from Archaeoglobus fulgidus (AF) [Moore et al., 2004], represented in Figure 1.7. However, by
making use of a deuteration approach, the protein-RNA interface of the complex from PF was
determined by solid-state NMR spectroscopy, as discussed in section 3.7 (page 137).
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2.1 SH3 domain of chicken α-spectrin
2.1.1 Transformation of E. coli cells
The SH3 domain of chicken α-spectrin was cloned into a pET3d vector with an ampicillin resis-
tance gene (the vector was kindly provided by Dr. Anne Diehl, FMP Berlin). For transformation,
20 µL of chemically competent E. coli BL21 DE3 cells (Novagen) were incubated for 5 min at
+4 ◦C with 1 µL plasmid (≈570 ng/L). Afterwards, the cells were incubated for 45 s at +42 ◦C
and again stored for 5 min at +4 ◦C. Finally, 250 µL of Luria–Bertani (LB) medium was added,
followed by incubation for 1 h at +37 ◦C.
The transformed cells were dispersed on LB agar plates, containing 100 µg/mL carbenicillin.
Carbenicillin was employed, instead of ampicillin, due to its enhanced stability in presence of
β-lactamases. The plates were stored at +37 ◦C over night. The following day, up to five
single-colony clones were picked and their expression profiles checked, as described in the next
section.
2.1.2 Test expression of α-spectrin SH3
To check the expression level of different clones, 3 mL of LB medium was prepared for each
clone, containing 100 µg/mL carbenicillin. Each medium was inoculated with one single-colony
and incubated at +37 ◦C, under 180 rpm shaking (Infors HT Multitron). The OD(600 nm) was
followed, until an absorption of 0.6 was attained.
The expression was induced by adding 1 mM IPTG and 100 µg/mL carbenicillin (end concen-
trations). Prior to induction, 25 µL of each culture was again dispersed on LB agar plates, which
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were incubated over night at +37 ◦C. After 3-6 h the cells were harvested by centrifugation at
2,300 g. The expression level of the different clones was determined qualitatively by SDS-PAGE
[Schagger and von Jagow, 1987]. The expression of isotopically enriched α-spectrin SH3 was
continued with the best clone.
2.1.3 Expression of isotopically enriched α-spectrin SH3
In the present thesis, differently isotopically enriched samples of α-spectrin SH3 were prepared
(Table 2.1), mainly utilizing the Reduced Adjoining Protonation (RAP) labeling scheme, which
is described in this section. To achieve a high level of isotope incorporation, E. coli was grown
on M9 minimal medium. The expression, purification and crystallization protocol for α-spectrin
SH3 were initially developed by Musacchio et al. [1992] and further optimized for solid-state
NMR spectroscopy by Pauli et al. [2000].
The isotopical composition of the M9 medium is crucial for the desired labeling pattern.
Isotopically labeled M9 medium was prepared as described in the caption of Table 2.1. For the
preparation of RAP samples, an uniformly deuterated carbon source was employed, either using
u-[2H,13C]-glucose or [u-2H, 2-13C]-glycerol. The respective samples are hereafter referred to as
“RAP” and “RAP-glycerol”. For all preparations, isotopically enriched ammonium, 15NH4Cl,
was used.
To investigate the influence of the 1H/2H-ratio in the M9 expression medium on the 1H-density
at non-exchangeable aliphatic protein sites, different RAP samples were prepared by varying the
D2O-content in the M9 medium from 75% to 95% (Table 2.1). For the "RAP-glycerol" sample,
a M9 medium, containing 90% D2O, was used, which was supplemented with Na1H13CO3
[LeMaster and Kushlan, 1996, Castellani et al., 2002].
Furthermore, an only valine/leucine methyl-labeled sample was prepared. For incorporation
of selective isotope labels into methyl groups of valine and leucine residues, u-[2H,12C]-glucose
and α-ketoisovalerate was employed and a M9 medium, containing 100% D2O (referred to as
the “13CD2H” sample) [Tugarinov et al., 2006].
For an 1 L culture, 2x3 mL LB medium, containing 100 µg/mL carbenicillin, was inoculated
with the best clone from before (section 2.1.2, page 19) and incubated at +37 ◦C and 180 rpm
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Table 2.1: Employed M9 media for the expression of α-spectrin SH3. For all isotopically labeled preparations,
deuterated M9 salt (5x stock, composition for 1 L medium: 80 g Na2HPO4x2H2O, 20 g KH2PO4, 5 g NaCl, pH
7.2–7.3) and deuterated trace elements (100x stock, for 500 mL: 2.5 g EDTA, 250 mg FeSO4, 25 mg ZnCl2, 5 mg
CuSO4, pH 7.5-7.7) were employed. The carbenicillin end concentration was 100 µg/mL. For the sample referred
to as “13CD2H”, two times in D2O lyophilized u-[2H,12C] glucose and α-ketoisovalerate were employed. In the
precursor molecule (13CD2H−CD(CD3)−CO−COO−) all protons were replaced by deuterons, except for a single
proton, which was attached to only one of the two methyl groups. This methyl group was isotopically 13C enriched,
while all the remaining carbons were 12C. When a fully deuterated M9 medium was necessary, as for the 13CD2H
sample, Thiamin (1 mg/mL), Biotin (0.1 mg/mL), MgSO4 (1 M), CaCl2 (1 M) and carbenicillin (60 mg/mL) stocks
were prepared in D2O as well.
sample nitrogen source carbon source D2O-content in M9 medium precursor
(end concentration) (end concentration) [%] (end concentration)
RAP 15NH4Cl u-[2H,13C]-glucose 95, 85, 75 none
(0.5 g/L) (2 g/L)
RAP-glycerol 15NH4Cl [u-2H, 2-13C]-glycerol 90 Na1H13CO3
(0.5 g/L) (2 g/L) (2 g/L)
13CD2H 15NH4Cl 2-[2H,12C]-glucose 100 3-Met-13C
(0.5 g/L) (2 g/L) 3-Met-D2,3,4,4,4-D4
(100 mg/L)
shaking (over day culture (ODC)). The ODC was grown until an OD(600 nm) of about 1.0 was
achieved. 4 mL of the ODC was centrifuged for 15 min at 2,300 g and +30 ◦C.
200 mL unlabeled M9 medium was prepared, as described in the caption of Table 2.1. The
pellet of the ODC was resuspended in 10 mL unlabeled M9 medium and added to the remaining
190 mL. The culture was incubated over night at +37 ◦C at 180 rpm shaking (over night culture
(ONC)).
The following day, 1.01 L labeled M9 medium was prepared (preparation details in Table 2.1)
and cells from the 200 mL ONC were harvested by centrifugation in sterile 500 mL buckets for
20 min at 2,300 g and +30 ◦C. The pellet was washed once with 10 mL of labeled M9 medium
and resuspended again in 40 mL medium.
2x480 mL labeled M9 medium was placed into two baffled 2 L flasks (“Schikanekolben”).
Each flask was inoculated with 20 mL cell suspension to achieve a start OD(600 nm) of ≈0.2.
After incubation for≈4-5 h at +37 ◦C and 140 rpm shaking, the OD(600 nm) increased to≈0.5.
The temperature of the shaking chamber was cooled down to +22 ◦C and after 30 min 1 mM
IPTG as well as 100 µg/mL carbenicillin (end concentrations) were added to each flask.
For the 13CD2H sample, the precursor was added and incubated for 1 h, before inducing with
1 mM IPTG. In all cases, the suspension was incubated for 24 h and harvested by centrifugation
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at 6,700 g and +4 ◦C. The pellet was washed once with 20 mM Tris-HCl (pH 8.0), resuspended
in ≈40 mL washing buffer and shock frozen for final storage at -80 ◦C.
2.1.4 Purification of α-spectrin SH3
Anion-Exchange Chromatography (AEC) was used as the first purification step. As approxi-
mated by ExPASy [Gasteiger et al., 2003], the isoelectric point of α-spectrin SH3 is 5.3, hence
it is negatively charged at alkaline pH and binds the column. The employed filling material for
the AEC column was Q Sepharose Fast Flow (GE Healthcare). Two different column sizes were
used, 96 mL and 216 mL, according to the total expression volume, 1-2 L or 3-4 L, respectively.
Prior to purification, the cell pellet was thawed at +4 ◦C. 10 µg/mL DNAse I and 1 x Complete
Protease Inhibitor Cocktail (Roche) tablet were added and incubated for 1 h at +4 ◦C. The cells
were disrupted by French press and centrifuged at 75,000 g and +10 ◦C for 30 min to remove
membrane fragment parts. The supernatant was diluted with buffer A (composition given in
Table 2.2) to approximately 80% of the column volume (CV) of the employed anion-exchange
column.
After injection of the cell supernatant (3 mL/min flow rate), unbound organic molecules were
removed by washing with 2 CV buffer A. Bound molecules were eluted by a linear gradient of
0-9% of buffer B (8 CV). α-spectrin SH3 fractions were pooled (monitored by SDS-PAGE) and
the pH shifted to 3.5 by titration, using a 3 M citric acid solution. The pool was concentrated
by ultrafiltration (Millipore system with Millipore Ultrafiltration Membranes, 1000 Da cutoff)
at 3 bar to achieve a protein concentration of about 10-12 mg/mL. To prevent precipitation, the
protein concentration should not exceed 14 mg/mL.
The concentrate was steril filtrated (0.2 µm) and further purified by Size-Exclusion Chroma-
tography (SEC). A column with 494 mL volume was used, packed with Superdex 75 prep grade
(GE Healthcare). After injection (1 mL/min flow rate), 0.5 CV were eluted before fractionation
of 1 CV. Again, α-spectrin SH3 fractions were pooled and, finally, dialyzed against 5 L water
at pH 3.5 (Table 2.2). The dilution factor was about 0.01.
Besides SDS PAGE, the quality of purified protein was also checked by MALDI mass spec-
trometry (kindly carried out by Heike Stephanowitz, FMP Berlin).
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Table 2.2: α-spectrin SH3 purification buffers for anion-exchange and size-exclusion chromatography, and dialysis.
buffer composition
AEC buffer A 20 mM Tris, pH 8.5 (adjusted with 30% HCl)
AEC buffer B 20 mM Tris, 1 M NaCl, pH 8.5 (adjusted with 30% HCl)
SEC buffer 20 mM citric acid, 150 mM NaCl, pH 3.5 (adjusted with 4 M NaOH)
Dialysis buffer water, pH 3.5 (adjusted with 30% HCl)
2.1.5 Microcrystallization of α-spectrin SH3
α-spectrin SH3 was microcrystallized as described earlier [Pauli et al., 2000]. However, to
achieve high deuteration at exchangeable sites, the original protocol was partly modified, as will
be described in the following.
For filling a 3.2 mm rotor, 15-20 mg of protein were lyophilized and dissolved two times
in D2O (pH 3.5). The dry powder was dissolved to a protein end concentration of 5 mg/mL.
100 mM (NH4)2SO4 (from 1 mM stock solution, dissolved in D2O, pH 3.5) was added. If
paramagnetic doping was required, 75–100 mM Cu(II)EDTA was supplemented (350 mM stock
solution, dissolved in D2O, pH 3.5).
Prior to initialization of the crystallization, the solution was steril filtrated (0.2 µm). The
crystallization was initialized by a pH shift to pH 8.0 by addition of ≈50-100 µL NaOD (3%
stock solution). Portions of 10-20 µL were added and the pH checked by pH indicator sticks
(pH 4.5-10, Roth). As soon as a pH of ≈8 was achieved, the solution was stored in the fridge at
+4 ◦C. The first crystals became visible after about 20 min, the total crystallization period took
about 24 h. However, all samples were stored for at least 48 h before packing into rotors.
2.1.6 Preparation of solid-state samples of α-spectrin SH3
Depending on the total volume of the employed 3.2 mm rotor, 10-20 mg of α-spectrin SH3
crystals were filled by centrifugation. To obtain maximum filling, the rotors were spun in a
3.2 mm probe at a MAS frequency of 20 kHz for 30-60 min. Since the packed material was
spun against the rotor wall, a hole opened in the middle of the rotor, which could be filled with
more protein material. Usually this procedure was repeated once or twice. In case, the available
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protein material was not enough for refilling, the solvent excess in the hole was removed by a
tissue to improve solvent suppression.
1.3 mm rotors were packed by ultracentrifugation for ≈20 min at a relative centrifugal force
of ≈135,000 g, employing an ultracentrifuge device [Bockmann et al., 2009].
To investigate the tightness of seal of 1.3 mm rotors at high MAS frequencies, two different
glues were utilized, which are referred to as glue “A” and “B”. Glue “A” is a fast gluing (“UHU
plus schnellfest 2-K-Epoxidharzkleber”, UHU R©) and glue “B” a slowly gluing epoxy (“slow-
setting epoxy adhesive”, Araldite R©), the latter requires at least 12 hours to set, unlike glue “A”,
which requires a few minutes. Three different 1.3 mm rotors were filled with water. Two rotors
were glued either with glue “A” or “B”. One rotor was kept untreated as a control. Rotor “B”
was measured for >12 hours after gluing. For the protein samples, only glue “B” was employed.
For comparison, glue “A” was used once for a protein sample, as shown in Figure 3.22B (page
63).
2.1.7 Preparation of solution-state samples of α-spectrin SH3
Samples, suited for solution-state NMR spectroscopy, were prepared to determine the proton
concentration at non-exchangeable sites and to check the sample quality. About 2-4 mg α-
spectrin SH3 were dissolved in ≈500 µL H2O/D2O (95% / 5%) and filled in a 5 mm solution-
state NMR tube.
2.2 Aβ1-40 amyloid fibril peptide
As shown in the preceding section, the RAP labeling scheme was applied to microcrystalline
α-spectrin SH3. Additionally, the applicability of this scheme to a fibrillar system was investi-
gated. Subject was the Aβ1-40 peptide, which is found in high concentrations in plaques in the
brain of Alzheimer’s disease patients [Iwatsubo et al., 1994]. In the following, the protocols for
expression and purification of Aβ1-40 is presented, as well as preparation of fibrils for solid-state
NMR experiments.
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2.2.1 Transformation and expression of isotopically enriched Aβ1-40
Aβ1-40 was cloned into a pET3d vector with a kanamycin resistance gene (the vector was kindly
provided by Dr. Muralidhar Dasari). The transformation and test expressions were conducted as
described before (sections 2.1.1 and 2.1.2, page 19). In the present thesis, two Aβ1-40 samples
were prepared, employing 5% and 15% RAP labeling, respectively. The media were prepared
as described in Table 2.1 (page 21). For each sample, 4 L cultures were employed.
In contrast to α-spectrin SH3, isotopically enriched Aβ1-40 was not expressed over night.
After induction with 1 mM IPTG at an OD(600 nm) of 0.6, the cell suspension was incubated
for 6 h (180 rpm, +37 ◦C) and harvested by centrifugation. The cells were washed with 20 mM
Tris-HCl (pH 8.0). The final resuspended pellet was shock frozen and stored at -80 ◦C.
2.2.2 Purification of Aβ1-40 from inclusion bodies
Following the expression protocol described above, the major fraction of Aβ1-40 was expressed
into inclusion bodies [Dasari et al., 2011]. The purification of Aβ1-40 from inclusion bodies is
described in the following [Carrio et al., 2000, Wang et al., 2008, Dasari et al., 2011, Dasari,
2011, Linser et al., 2011b]. The previously frozen cell pellet was thawed at +4 ◦C. 10 µg/mL
DNAse I and 1 x Complete Protease Inhibitor Cocktail (Roche) tablet were added and incubated
for 1 h at +4 ◦C. The suspension was sonicated 2 × 2 min (30% amplitude) on ice in the cold
room and centrifuged at 23,700 g for 15 min at +4 ◦C.
The pellet was resuspended in about 4× 40 mL Tris/Triton buffer (composition given in Table
2.3). 40 mL were filled into four open-top centrifugation tubes. The suspension was sonicated 2
× 30 s with an amplitude of 10% on ice in the cold room and again centrifuged at 23,700 g for
15 min at +4 ◦C.
At this step, the pellet was resuspended in Tris buffer to remove the Triton and sonicated and
centrifuged as before. The last washing step was repeated one more time. Finally, the pellet was
shock frozen and stored at -80 ◦C.
To achieve a high purity, Aβ1-40 was further purified by chromatography, kindly carried out
by Uwe Fink (FMP, Berlin). Therefore, the frozen pellet was thawed on ice and resuspended in
a freshly prepared GdHCl buffer (Table 2.3) and finally purified by reversed-phase chromatog-
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Table 2.3: Aβ1-40 purification buffers.
buffer composition
Tris buffer 20 mM Tris, pH 8.5 (adjusted with 30% HCl)
Tris/Triton buffer 20 mM Tris, 0.4% Triton-X (v/v), pH 8.5 (adjusted with 30% HCl)
GdHCl buffer 20 mM Tris, 8000 mM guanidine hydrochloride
raphy [Dasari, 2011].
The Aβ1-40 fractions were pooled (monitored by SDS-PAGE) and the pool lyophilized for
≈3 d and stored at -80 ◦C. From an initial expression volume of 4 L, 40-50 mg of lyophilized
Aβ1-40 peptide were obtained.
2.2.3 Preparation of Aβ1-40 amyloid fibrils
Amyloid fibrils for solid-state NMR investigations were prepared as described by del Amo et al.
[2012]. To yield homogeneous samples, fibrils were grown in the presence of fibrillar seeds
[Paravastu et al., 2009]. 12 generations of seeds were prepared. For generation 1-10 unlabeled,
synthetic peptide was employed (kindly provided by Dr. Michael Beyermann, FMP Berlin). For
generation 11-12 the 5% RAP labeled Aβ1-40 peptide was used.
For preparation of a monomeric Aβ1-40 solution, lyophilized, unlabeled, synthetic peptide
(generation 1-10, prepared by Dr. Muralidhar Dasari, FMP Berlin) was dissolved in 20 mM
NaOH to obtain an end concentration of 100 µM of peptide. The solution was centrifuged at
18,000 rpm for 10 min, using a tabletop centrifuge, in order to remove oligomeric aggregates.
PBS buffer was added to yield an end concentration of 50 mM NaCl and 20 mM Na2HPO4 at
pH 7.0-7.2, as well as 0.01% NaN3. The solution was then sonificated for 10 min. Sonification
was applied to all seeds prior to their usage. Fibrils were grown under continuous agitation
(120 min−1) at 23 ◦C for 4 days (generation 1).
The seeds from generation 1 were sonificated for 10 min and 10% (v/v) was added to a fresh,
monomeric solution of 100 µm Aβ1-40, prepared as before (vide supra). This 2nd generation
was grown for 2 days under the same agitation conditions. The procedure was repeated for
generation 3-10, except, that seeds of generation 3-6 were grown for only 2 h and 7-10 for 4 h,
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respectively.
For generations 11 and 12 isotopically labeled material was employed, using deuterated stock
solutions (NaOD, PBS, NaN3). The here employed 5% RAP labeled Aβ1-40 peptide was two
times dissolved and lyophilized in deuterated ammonium hydroxide (pH 1.5) to replace labile
protons by deuterons. 100 µM monomeric, labeled Aβ1-40 solution was prepared, as described
above for the unlabeled peptide, and used to obtain generation 11-12, while employing 5% (v/v)
seeding.
For the final fibrillization, the 5% RAP labeled Aβ1-40 peptide was dissolved in 14 mM NaOD.
Thereby, two different fibril samples were prepared. For the first sample, hereafter referred to
as S1, ≈12 mg of monomeric Aβ1-40 was employed and fibrils were grown under agitation for
14 d. These fibrils were directly packed into a 3.2 mm rotor by centrifugation. The fibrillization
was monitored by Transmission Electron Microscopy (TEM) (Figure 2.1).
Figure 2.1: TEM image of 5% RAP labeled Aβ1-40 fibrils (kindly recorded by Dr. Dorothea Lorenz, FMP Berlin).
The fibrils were sonificated for 3 min prior to TEM.
For the second sample, referred to as S2, ≈10 mg monomeric 5% RAP labeled Aβ1-40 was
used, and the fibrils were also grown under agitation for 14 d, however, in the presence of 75 mM
27
2 Materials and Methods
Cu(II)EDTA (end concentration). Additionally, the S2 fibrils were washed two times with a
PBS buffer containing 40% (v/v) uniformly deuterated glycerol. Both samples were packed into
3.2 mm rotors.
2.2.4 Preparation of Aβ1-40 solution-state NMR samples
A solution-state NMR sample of monomeric Aβ1-40 was prepared, using a 15% RAP sample.
Therefore, lyophilized peptide was dissolved in a sodium hydroxide solution (75% H2O / 25%
D2O) to yield an end concentration of 90 µM. The solution was steril filtrated (0.2 µm).
2.3 L7Ae-box C/D RNA complex from Pyrococcus furiosus
Here, the preparation of solid-state NMR samples of a L7Ae-box C/D protein-RNA complex
from Pyrococcus furiosus (PF) is described. The preparation and purification of protein and
RNA, as well as the complex formation, were carried out by Magdalena Rakwalska-Bange
(EMBL Heidelberg).
The L7Ae protein from PF was expressed and purified as described elsewhere; the 26mer
RNA was transcribed and purified according to established procedures [Jehle et al., 2010a]. For
the 1H- and 2H-RNA samples u-[1H,13C,15N] and u-[2H,13C,15N] nucleotides were employed,
respectively. Both assembled complexes (1:1 molar ratio) were back-exchanged in a buffer with
a H2O / D2O ratio of 10% / 90% for 2-4 weeks to allow for sufficient 1H/2H exchange.
Prior to precipitation, the protein concentration was 7 mg/mL, dissolved in a 10% H2O / 90%
D2O buffer with 40 mM HEPES, 14% PEG 400, and 50 mM magnesium acetate. The precipi-
tation of the complex was induced by vapor diffusion using a SpeedVac at 60 mbar and +30 ◦C.
As expected from the crystallization conditions [Moore et al., 2004], the complex precipitated at
half volume. The final precipitates of the 1H- (≈10 mg) and 2H-RNA (≈2 mg) complexes were
filled into 3.2 mm rotors by centrifugation.
The solid-state NMR experiments were carried out using Bruker Biospin Avance spectrom-
eters operating at 1H Larmor frequencies of 600 MHz and 700 MHz, respectively, employing
commercial 3.2 mm triple-resonance probes. Details about temperature and MAS settings are
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given in the figure captions in section 3.7 (page 137). The 1H,15N magnetization transfer was
achieved by a ramped cross polarization step, matching the n = 1 Hartmann-Hahn condition.
The 15N evolution was 1H- and 13C-decoupled, whereas the 1H evolution was 15N-decoupled,
respectively. For all nuclei, low-power WALTZ-16 [Shaka et al., 1983] decoupling with a rf field




3.1 Reduced Adjoining Protonation (RAP): Characterization and
optimal RAP sample
To improve resolution and sensitivity in solid-state Nuclear Magnetic Resonance (NMR) spec-
troscopy of biomolecules, deuteration, accompanied by exchange of amide protons, was sug-
gested to reduce the proton dipolar network and facilitate proton detection [Chevelkov et al.,
2006]. Here, the Reduced Adjoining Protonation (RAP) labeling scheme is introduced, which
enables proton detection of non-exchangeable aliphatic sites.
3.1.1 Expression and purification of α-spectrin SH3
The SH3 domain of chickenα-spectrin SH3 was chosen as a model system for establishing a new
labeling scheme for solid-state NMR spectroscopy, since, next to advantageous spectroscopic
properties, high protein expression levels can be yielded. As shown in Figure 3.1, the tag-free
full-length protein can be obtained in high purity, after Anion-Exchange Chromatography (AEC)
and Size-Exclusion Chromatography (SEC). Employing the RAP labeling scheme, the protein
yield of α-spectrin SH3 was about 30-40 mg per liter expression medium.
3.1.2 1H/2H concentration in RAP samples of α-spectrin SH3
The RAP labeling was designed to enable proton detection of aliphatic sites in the solid-state.
Therefore, partial deuteration was employed to reduce the 1H,1H dipolar network and enhance
coherence lifetimes. However, backbone, methine, methylene and methyl sites possess one to
three non-exchangeable proton nuclei, respectively. Since the effective 1H/2H concentration
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Figure 3.1: AEC and SEC chromatograms of a α-spectrin SH3 15% RAP sample, indicating the high efficiency of
the purification procedure.
at the protein aliphatic sites is dependent on the 1H/2H concentration of the cell expression
medium and the bacterial metabolism, we aimed to experimentally determine the absolute proton
concentration at each aliphatic site.
Statistically, the isotope distribution for the methyl isotopomers 13CH3, 13CDH2, 13CD2H and
13CD3 is p3/3p2q/3pq2/q3 = 0.0001 : 0.007 : 0.14 : 0.86 (using p = 0.05, q = 1 p for a 5%
RAP sample, which refers to a sample, expressed in M9 medium containing 5% H2O and 95%
D2O). Here, the remaining 3% protonation, originating from the utilized 97% deuterated 13C-
glucose [Agarwal and Reif, 2008], was neglected. For methylene isotopomers 13CH2, 13CDH,
and 13CD2, the statistical distribution is p2/2pq/q2 = 0.002 : 0.1 : 0.9.
Since the proton incorporation is stochastically applying the RAP labeling, it was required
to experimentally determine the absolute proton concentration in RAP samples. As a first
step, the experimental protein molecular weights for different RAP samples were determined
by Matrix-Assisted Laser Desorption/Ionization (MALDI) mass spectrometry (carried out by
Heike Stephanowitz, FMP, Germany) (Figure 3.2A). As expected, the molecular weight of the
protein decreases as the 1H concentration increases (5%, 15%, 25% H2O) due to the respec-
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Figure 3.2: Determination of the 1H-concentration in α-spectrin SH3 RAP samples by MALDI mass spectrometry.
(A) MALDI spectra for a 5%, 15% and 25% RAP sample. The maxima correspond to 7986.9 Da (7990.6 Da),
7952.2 Da and 7927.0 Da, respectively. For the 5% RAP sample spectra from two different protein preparations
were plotted, indicating the high reproducibility of the labeling scheme. (B) The theoretical molecular weight for the
5%, 15% and 25% RAP samples was plotted as a function of the solvent fraction, according to equation 3.1. The
experimental value is indicated by a red horizontal line (solid). The uncertainty of the measurement is about ±5 Da
(dashed red line).
tive reduction of the concentration of the heavier 2H isotope (95%, 85%, 75% D2O). The major
obstacle for the determination of the proton concentration in RAP samples is the uncertainty
about the portion of protons originating from the solvent and from the carbon source, respec-
tively, since the protonation/deuteration is fractional. The following equation was employed, for













Here, M is the atomic mass of the respective isotope, p the isotope fraction, n the number of
nuclei and ntotal(H) the total number of proton sites, which amounts to 517 at pH 3.5. The
isotope fraction for 13C and 15N was p(13C) = p(15N) = 0.99, respectively, according to the
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purity of the employed precursors. nη(H) is a function of an empirical ratio η , which takes the
ratio of both potential proton sources (solvent and glucose) into account. In this manner, η = 0
means, that 0% of the protons/deuterons stem from the solvent, while 100% originate from the
glucose. nη(H) is defined as:
nη(H) = nNH(H)+nη ,gluc(H)+nη ,solv(H),
with
nη ,gluc(H) = η× pgluc,1H×nstable(H)
nη ,solv(H) = η× psolv,1H×nstable(H),
nstable(H) is the number of non-exchangeable protonation sites and amounts to 389, whereas
nNH(H) is the number of labile, exchangeable 1HN protons, which amounts to 128 at the em-
ployed pH of 3.5. Here, pgluc,1H is equal to 0.03, which is the estimated purity of the employed
u-[2H,13C]-glucose. psolv,1H takes the H2O/D2O ratio into account, which was used in the M9
expression medium of the respective RAP sample. For a specific α-spectrin SH3 RAP sample,
the theoretical molecular weight Mth (equation 3.1) is only a function of η .
In Figure 3.2B Mth is plotted in dependency of η . Obviously, the experimentally determined
molecular weights (solid red lines) cannot be fitted to this model, the weights are generally over-
estimated. However, to determine site-specific proton concentrations in RAP samples, solution-
state NMR experiments were carried out, as described in the following.
To determine the site-specific 1H concentrations, 2D TROSY-HN(CO)CA [Salzmann et al.,
1999] experiments using solution-state NMR spectroscopy were recorded. During the 13Cα
evolution period, only deuterium and nitrogen has been decoupled, while the 1Hα,13Cα scalar
coupling was allowed to evolve. Therefore, 13Cα,2Hα moieties appeared as singlets, whereas
amino acids containing protonated 13Cα,1Hα were split into doublets. The absolute proton
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where Va and Vb are the peak volumes of the peaks denoted as a and b in the inset of Figure
3.3. Here, instead of peak volumes, we employed the peak areas of the 1D slices along the peak





with p = Ia/Ib, where Ia and Ib are the peak areas of the aforementioned peaks a and b in the
inset of Figure 3.3. The degree of protonation for 13 non-overlapping peaks are summarized in
Table 3.1. For 1Hα backbone resonances the experimental average value amounted to (7.0±
1.9)%. Following the same approach, the proton concentration of a RAP sample, grown on a
M9 medium containing 15% H2O and 85% D2O, was determined as well. Here, the average
value for 1Hα amounted to (16.7±2.1)%.
Figure 3.3: 2D TROSY HN(CO)CA spectrum of ≈460 µM α-spectrin SH3, obtained by growing E. coli on a M9
medium containing u-[2H,13C]-glucose and 5% H2O. The sample pH was adjusted to 3.5. The spectrum was recorded
at 300 K and an external magnetic field strength of 14.09 T (600 MHz). Reproduced with permission from Asami,




Table 3.1: Concentration of protons at the 13Cα position for a 5% α-spectrin SH3 RAP sample, according to the
peak intensities determined from the HN(CO)CA experiment in Figure 3.3. The peak intensities were obtained using
TOPSPIN v2.1 (Bruker, BioSpin). The average proton concentration amounts to (7.0± 1.9)%. Reproduced with
permission from Asami, S., et al., J. Am. Chem. Soc., 2010, 132 (43), pp 15133–15135. Copyright 2010 American
Chemical Society. DOI: 10.1021/ja106170h.
residue K6 L10 L12 Y15 P20 R21 I30 L33 S36 K39 F52 P54 K60
1H level [%] 4.3 8.4 5.3 7.4 4.9 8.9 8.3 7.5 7.9 7.6 9.4 3.6 7.3
The degree of protonation at side chain carbons of a 5% α-spectrin SH3 RAP sample was
determined in solution using a constant-time HSQC experiment [Vuister and Bax, 1992], em-
ploying 2H and 15N decoupling during the 13C constant-time evolution period. The spectra
(Figure 3.4) yield the different isotopomers (13CH3, 13CDH2, 13CD2H, 13CH2, 13CDH, 13CH)
of the individual side chain methyl, methylene and methine groups, respectively. The amount of
protonation, pi, of the isotopomers was calculated as the fraction of the intensity of a cross peak
in the deuterated sample relative to the corresponding peak volume in a reference spectrum. The
reference spectrum was recorded with the same pulse sequence (constant-time HSQC), using an
uniformly protonated, u-[1H,13C,15N] α-spectrin SH3 sample. The results for several residues
are summarized in Table 3.2. The overall proton concentration for methyl groups was on the
order of 1% to 2%. For methylene groups, we found a proton concentration on the order of







pi (a− i) . (3.4)
pi is the aforementioned volume fraction, specified in Table 3.2. For methylene groups a = 2
and i = 0,1, referring to 13CH2 and 13CDH isotopomers, respectively. For methyl groups, a = 3
and i = 0,1,2, referring to 13CH3, 13CDH2 and 13CD2H moieties. Hence, using equation 3.4,




(2pCH2 + pCDH) (3.5)
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(3pCH3 +2pCDH2 + pCD2H) , (3.6)
respectively. Similarly for a α-spectrin SH3 sample grown on 15% H2O, the methyl and methy-
lene proton concentration was determined to be on the order of 11-13% and 10-16%, respec-
tively.
Figure 3.4: Constant-time HSQC spectrum of an u-[13C,15N] α-spectrin SH3 sample, which was expressed in a
medium containing 5% H2O and u-[2H,13C]-glucose. The refocused INEPT magnetization transfer time from 1H to
13C was 3.9 ms, corresponding to 1/2JHC. The constant-time period was set to 27 ms, corresponding to 1/JCC. A
RF field strength of 1 kHz and 2 kHz was applied for GARP decoupling on the 15N and 2H channel, respectively.
The spectral regions for methyls, methylenes and methines are highlighted by dashed boxes. The remaining peaks
originate from Arg, Asp, Glu, Gln, Ile, Met, Lys, Pro methylene groups, as well as from Ile-β and Val-β methine
groups, respectively. Reproduced with permission from Asami, S., et al., J. Am. Chem. Soc., 2010, 132 (43), pp
15133–15135. Copyright 2010 American Chemical Society. DOI: 10.1021/ja106170h.
In conclusion, it was shown by solution-state NMR, that all aliphatic sites of α-spectrin SH3
RAP samples (expressed in M9 medium with a H2O level≥5%) are protonated, while maintain-
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Table 3.2: Concentration of side chain protons, as determined from the peak volumes extracted from the constant-
time HSQC experiment in Figure 3.4. The sample was produced in a medium containing 5% H2O and u-[2H,13C]-
glucose. The proton concentration was calculated relative to a reference peak volume of an uniformly protonated u-
[13C,15N] α-spectrin SH3 sample, yielding the fraction pi =Vi/Vi,re f . The overall proton concentration is described
by f (equation 3.4). The peak volumes were calculated with CcpNmr v2.1.2 [Vranken et al., 2005]. Only non-
overlapping peaks were selected for quantification. Reproduced with permission from Asami, S., et al., J. Am. Chem.
Soc., 2010, 132 (43), pp 15133–15135. Copyright 2010 American Chemical Society. DOI: 10.1021/ja106170h.
1H,13C pi =Vi/Vi,re f f
[ppm, ppm] [%] [%]
Residue 1∗ 2∗ 3∗ 1∗ 2∗ 3∗
E3β1 2.25, 28.91 2.22, 28.58 – 1.1 3.1 – 2.65
E3β2 2.04, 28.87 2.01, 28.60 – 1.1 2.8 – 2.57
V9γ2 1.11, 23.62 1.10, 23.36 1.08, 23.06 0.1 0.4 2.0 1.01
V23γ1 0.75, 20.46 0.73, 20.19 0.71, 19.91 0.1 0.3 0.9 0.56
I30δ 0.94, 12.24 0.92, 12.00 0.90, 11.77 0.2 1.1 3.1 1.99
T32γ 1.22, 22.11 1.21, 21.83 1.19, 21.56 0.1 0.9 2.5 1.57
K39α 4.33, 58.33 – – 8.1 – – 8.10
K43δ1 1.39, 28.82 1.37, 28.53 – 2.0 5.0 – 4.47
V46γ1 1.04, 18.91 1.03, 18.65 1.01, 18.37 0.1 0.4 1.5 0.85
V46γ2 1.11, 20.96 1.10, 20.69 1.08, 20.42 0.04 0.4 1.3 0.73
∗ Numbering refers to the isotopomers 13CH3, 13CDH2 and 13CD2H (1, 2, 3) for methyls, 13CH2 and 13CDH (1, 2)
for methylenes, 13CH (1) for methines and to 13Cα,1Hα (1).
ing a high deuteration level, which is beneficial in terms of spectral sensitivity and resolution,
as discussed in section 3.1.4.1 (page 40). However, significant protonation of aliphatic sites
was also validated by solid-state NMR for α-spectrin SH3 microcrystals by comparing 13C,13C
RFDR correlation spectra, employing either 1H- or 13C-excitation (section 3.1.4.6, page 56).
3.1.3 1H-detected 1H,13C HMQC spectra of α-spectrin SH3 in the solid-state
Employing a microcrystalline α-spectrin SH3 5% RAP sample, we recorded 1H-detected 1H,13C
Heteronuclear Multiple Quantum Correlation (HMQC) spectra in the solid-state, using the pulse
sequence depicted in Figure 3.5. To improve the resolution for the side chain region, 2-3 kHz
low-power WALTZ-16 2H decoupling was used during the 13C evolution period [Shaka et al.,
1983]. The 2H offset was set to the middle of the aliphatic region. Furthermore, during the
direct acquisition period, the 1H,13C scalar coupling was decoupled, employing 2-3 kHz low-
power WALTZ-16 decoupling on the 13C channel.
Already at a moderate Magic Angle Spinning (MAS) frequency of 20 kHz and an external
magnetic field strength of 14.1 T (1H Larmor frequency of 600 MHz), high resolution was ob-
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Figure 3.5: 1H,13C Heteronuclear Multiple Quantum Correlation (HMQC) pulse sequence for detection of aliphatic
resonances. Solid and open bars represent π/2 and π pulses, respectively. The MAS frequency was adjusted to
20 kHz. A rf field strength of 73 kHz and 83 kHz was used on the 1H and 13C channel, respectively. The duration of
τ was set to 3.9 ms corresponding to 1/2JHC. A rf field strength of 2.5 kHz was applied for WALTZ-16 decoupling
[Shaka et al., 1983] on the 13C and 2H channel, respectively. The phase cycle φ1 = x, -x, φ2 = x, x, -x, -x and φrec
= x, -x, -x, x was employed. The 1H and 2H carrier frequency was positioned on the HDO and D2O resonance,
respectively. Quadrature detection in ω1 was achieved using TPPI [Marion and Wuthrich, 1983]. No special care
was taken for solvent suppression. Reproduced with permission from Asami, S., et al., J. Am. Chem. Soc., 2010, 132
(43), pp 15133–15135. Copyright 2010 American Chemical Society. DOI: 10.1021/ja106170h.
tained for the entire aliphatic region (Figure 3.6A). We obtained high-resolution spectra for all
aliphatic proton-carbon pairs, in particular for the 1Hα,13Cα backbone, side chain and methyl
region, respectively (Figure 3.6B-D). Especially the methyls yielded high resolution and sensi-
tivity, since they experience a reduced dipolar coupling anisotropy due to fast rotation around
their three-fold axis (typically in the picosecond range, cf. section 3.4.4, page 85).
The experimental proton line widths in Figure 3.6 varied between 25 Hz for Thr37γ2, and
60 Hz for Thr37α, respectively. The carbon line width is determined by 13C,13C scalar cou-
plings and was on the order of 110 Hz (Thr37α). The 13C,13C scalar couplings were resolved,
particularly visible in the methyl region (Figure 3.6D).
Additionally, the presented RAP labeling scheme allowed to avoid high-power decoupling
schemes due to the dilution of the proton network. 2-3 kHz WALTZ-16 decoupling was suf-
ficient to achieve 13C decoupling during 1H detection. For comparison, the proton line width
for an uniformly protonated α-spectrin SH3 sample was about 170 Hz [Chevelkov et al., 2003].
Sensitivity and resolution of resonances in the methyl region of the spectrum were not compro-
mised, even though the amount of protons had been increased dramatically in comparison to
previously presented approaches, where 1H,13C correlations have been recorded, using only the
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residual protonation, originating from the proton impurities of the utilized deuterated glucose
(97% deuterated) and D2O medium (99% deuterated) [Agarwal and Reif, 2008].
3.1.4 Optimal degree of protonation of α-spectrin SH3 RAP samples
3.1.4.1 Sensitivity and resolution as a function of protonation and MAS frequency
The 1H dipolar network, which is the major obstacle for applying proton detection in the solid-
state, can be reduced by deuteration, when employing the RAP labeling scheme, which yields
random protonation at non-exchangeable sites. We carried out a systematic study on the optimal
degree of random backbone and side chain protonation in RAP samples as a function of the
MAS frequency. In particular, we compared 1H sensitivity and line width of microcrystalline
α-spectrin SH3 in the MAS frequency range of 20-60 kHz for samples prepared with 5-25%
H2O in the E. coli M9 minimal growth medium.
NMR experiments were carried out using Bruker Biospin Avance spectrometers operating at
1H Larmor frequencies of 500 MHz and 850 MHz, respectively, using a commercial 1.3 mm
triple-resonance probe. The 1.3 mm probe of the 850 MHz spectrometer was equipped with an
additional external 2H coil [Huber et al., 2012]. At all MAS frequencies, the effective sample
temperature was adjusted to ≈20 ◦C, using the chemical shift difference between the solvent
resonance and Leu8δ2, respectively. 1H,13C HMQC experiments were performed as described
in the prior section (section 3.1.3, page 38). The employed rf fields on the 1H and 13C channels
for hard pulses were ≈80-90 kHz and ≈80-100 kHz, respectively. Low-power 1H, 2H and 13C
decoupling of 1-3 kHz was applied, using the WALTZ-16 decoupling scheme [Shaka et al.,
1983].
For normalization of the absolute signal intensities of the different samples, 13C 1D spectra
were recorded for the 5%, 15% and 25% RAP sample, without 1H and 2H decoupling. For these
experiments, a recycle delay of 30 s was employed, setting the MAS frequency to 40 kHz.
The spectra were processed with NMRPipe [Delaglio et al., 1995] and analyzed by CcpNmr
v2.1.5 [Vranken et al., 2005] and in-house Python scripts, using the I/O routines of nmrglue
v0.2 [Helmus and Jaroniec, 2013]. To compensate for the magnet drift, we corrected the relative
frequency shift for each increment of the 2D 1H,13C HMQC spectrum by adding a frequency
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Figure 3.6: MAS solid-state 1H-detected 1H,13C HMQC spectrum of a 5% α-spectrin SH3 RAP sample. The
spectrum was recorded at 600 MHz (14.1 T), setting the MAS frequency to 20 kHz. The effective temperature
was adjusted to 17 ◦C. The acquisition times in the direct and indirect dimension were set to 52 ms and 21 ms,
respectively. The full spectrum (A) is represented enlarged in (B), (C) and (D), displaying the 1Hα,13Cα region,
1Hβ,13Cβ region, and the methyl region, respectively. The methyl region in (A) has been scaled by a factor of
0.1. Details on experimental parameters are given in Figure 3.5. Reproduced with permission from Asami, S., et




offset, that was calculated using a fifth order polynomial function. The parameters for the offset
correction were determined using the resolved Leu8δ2 methyl resonance.
To investigate the achievable sensitivity and resolution of randomly protonated RAP samples
(5%, 15%, 25%), 1D 1H,13C HMQC spectra were recorded at MAS rotation frequencies ranging
from 20 kHz to 64 kHz, respectively. Figure 3.7A shows the bulk sensitivity for backbone and
methyl resonances under these conditions. The spectra reveal, that higher MAS frequencies
were beneficial for the sensitivity. For the 5% and 25% RAP sample, the signal increases up to
a plateau at a MAS frequency of ≈40 kHz and ≈50 kHz, respectively. The sensitivity gain is
≈3.5 (≈4.5) and ≈2.0 (≈4.0) fold for backbone and methyl resonances for the 5% (25%) RAP
sample. This progression was expected, since the 1H,1H dipolar network in the 5% RAP sample
was extensively diluted. Therefore, rotational averaging of the dipolar Hamiltonian has a smaller
impact on dipole mediated line broadening and hence the signal-to-noise ratio, as compared to
less diluted samples, such as the 25% RAP sample.
Figure 3.7: Bulk sensitivity and 1H T2 times as a function of the MAS frequency for α-spectrin SH3 RAP samples
grown on M9 medium containing either 5% or 25% H2O, respectively. (A) Integral intensity for backbone and
methyl resonances for the first FID from a 1H,13C HMQC experiment as a function of the MAS frequency. The
signal intensity reaches a plateau at a MAS frequency of ≈40 (≈50) kHz for the 5% (25%) RAP sample. The
sensitivity gain amounts to a factor of ≈3.5 (≈4.5) and ≈2.0 (≈4.0) for backbone and methyl resonances. (B) 1H
signal dephasing in a T2 echo experiment at 20 kHz and 60 kHz. The T2 time for the 25% RAP sample increases
from 4.6 ms to 8.2 ms at higher spinning frequencies and becomes comparable to the bulk T2 of the 5% RAP sample
(7.5 ms). Reproduced with kind permission from Asami, S., et al., J. Biol. NMR, 2012, 54 (2), pp 155-168. Copyright
2012 Springer Science and Business Media. DOI: 10.1007/s10858-012-9659-9.
The effective 1H T2 time for the 5% and the 25% RAP samples at 20 kHz and 60 kHz rotation
frequency was determined using a spin echo experiment (Figure 3.7B). For this purpose, the
HMQC scheme (cf. Figure 3.5, page 39) was modified by insertion of an echo, prior to the
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first 1/2JHC delay. The T2 time for the 25% RAP sample increases from 4.6 ms to 8.2 ms at
60 kHz and becomes comparable to the bulk T2 of the 5% RAP sample (7.5 ms at 60 kHz).
This indicates, that homogeneous line broadening was already averaged at a MAS frequency of
60 kHz.
As dipolar relaxation through protons is the major source for relaxation for aliphatic sites,
1H T1 times were expected to increase with higher MAS frequencies, which potentially com-
promises the sensitivity per unit time in 1H excited experiments. However, for the 25% RAP
sample, the bulk 1H T1 time increases experimentally only insignificantly from≈0.8 s to≈0.9 s.
Figure 3.8A shows 2D 1H,13C HMQC spectra, recorded for a 25% RAP sample, when in-
creasing the MAS frequency from 20 kHz to 40 kHz. The top row represents the 1D projections
of the respective 2D spectra. The first contour level is depicted in the projections by a dashed
line (in red), which was kept at an equal absolute signal intensity for all plots. Obviously, the
signal-to-noise ratio improved with higher MAS frequencies, in particular for the 1Hα,13Cα
backbone region, alongside with a significant improvement of the spectral resolution, as can
be seen in Figure 3.8B. Here, the backbone region of a 2D 1H,13C HMQC spectrum of a 5%
α-spectrin SH3 RAP sample at 20 kHz MAS and a 1H Larmor frequency of 600 MHz (left) is
compared to a spectrum of a 25% RAP sample at 40 kHz and 850 MHz (right), respectively.
The backbone resolution was significantly improved at 40 kHz, even though a less diluted sam-
ple was employed. This was due to an increased effective 13Cα T2 time and the higher external
magnetic field strength.
In Figure 3.9A, the MAS dependent signal intensity is represented for individual residues.
In the left column, the relative peak intensities were plotted. As expected, the highest rela-
tive sensitivity for the backbone as well as for methyl resonances was achieved for the 25%
RAP sample. A less pronounced gain was observed for the 15% and 5% RAP sample, re-
spectively. On average (Figure 3.9B), the relative gain in sensitivity was on the order of 2-
4 fold (Table 3.3). Since methyl groups undergo fast rotations around their threefold axis
(cf. section 3.4.4, page 85), methyl protons experience a reduced dipolar coupling anisotropy
dmet =
∣∣dCH × 12 (3cos2 θ −1)∣∣ ≈ 13 dCH (θ = 109.5◦). Therefore, effectively a larger gain was
observed for backbone resonances in comparison to methyls.
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Figure 3.8: Sensitivity and resolution for α-spectrin SH3 RAP samples as a function of the MAS frequency and for
different external magnetic field strengths. (A) 2D 1H,13C HMQC spectra for a 25% RAP sample at different MAS
rotation frequencies. The top row shows the projection onto the ω2 dimension for the respective 2D spectrum. The
dashed red line depicts the first contour level, which was set to be equal for all spectra. We observed a significant
increase in sensitivity for both backbone and side chain resonances. (B) 1Hα,13Cα backbone region of a 5% RAP
sample at 20 kHz MAS and a 1H Larmor frequency of 600 MHz (left), compared to a spectrum of a 25% RAP sample
at 40 kHz and 850 MHz (right), respectively. We observed an improved resolution at higher spinning frequencies and
magnetic fields, even though a less diluted sample was employed. The assignments were obtained from a 3D HCC
experiment (section 3.2, page 64). Reproduced with kind permission from Asami, S., et al., J. Biol. NMR, 2012, 54
(2), pp 155-168. Copyright 2012 Springer Science and Business Media. DOI: 10.1007/s10858-012-9659-9.
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Figure 3.9: (A) MAS dependent signal intensities for individual peaks in 5%, 15% and 25% α-spectrin SH3 RAP
samples, respectively, extracted from a 2D 1H,13C HMQC experiment. In the left column, the signal intensities
were normalized with respect to their intensities at 20 kHz MAS. The right column shows absolute signal intensities
in arbitrary units. (B) Average peak intensities for backbone and methyl groups for different RAP samples at a
relative (left) and an absolute scale (right), according to the values in Table 3.3. Absolute intensities were normalized
by the sample amount, using direct excitation 13C 1D experiments. Reproduced with kind permission from Asami,




Table 3.3: Average gain in sensitivity for a 5%, 15% and 25% α-spectrin SH3 RAP sample, respectively, at increasing
MAS frequencies. The absolute average X was determined as 1N ∑
N




i=1 xi, j/xi,1, where N
refers to the number of resonances, xi, j to the absolute signal intensity for residue i. j = 1,2,3 refers to the MAS








2, where ∆n refers to the noise level, xi to the individual peak intensity and
X to the average intensity. The absolute intensities were scaled according to intensities in directly excited 13C 1D
spectra. A graphic representation of these values is given in Figure 3.9B. Reproduced with kind permission from
Asami, S., et al., J. Biol. NMR, 2012, 54 (2), pp 155-168. Copyright 2012 Springer Science and Business Media.
DOI: 10.1007/s10858-012-9659-9.
Relative Absolute
20 kHz 30 kHz 40 kHz 20 kHz 30 kHz 40 kHz
[a.u.] [a.u.] [a.u.]
backbone 5% RAP 1.0 ± 0.0 – 2.1 ± 1.0 0.9 ± 0.4 – –
15% RAP 1.0 ± 0.0 1.9 ± 0.5 2.6 ± 1.2 3.6 ± 1.8 6.2 ± 2.4 8.1 ± 3.2
25% RAP 1.0 ± 0.0 2.2 ± 0.7 3.6 ± 1.4 3.0 ± 1.8 5.9 ± 2.7 9.0 ± 3.2
methyls 5% RAP 1.0 ± 0.0 – 1.6 ± 0.3 5.2 ± 2.2 – –
15% RAP 1.0 ± 0.0 1.7 ± 0.2 2.3 ± 0.5 11.1 ± 8.1 17.4 ± 9.7 21.9 ± 9.5
25% RAP 1.0 ± 0.0 2.4 ± 0.6 3.9 ± 1.3 7.0 ± 7.1 14.0 ± 10.0 20.5 ± 11.8
In order to find the optimum degree of protonation in terms of absolute signal intensities,
we plotted the distribution of the absolute signal intensities for the 15% and 25% RAP sample
in Figure 3.10. Here, the intensities have been scaled according to the amount of protein in
the rotor. For normalization of the absolute signal intensities of the different samples, 13C 1D
spectra were recorded for the 5%, 15% and 25% RAP sample, without 1H and 2H decoupling.
For these experiments, a recycle delay of 30 s was employed, setting the MAS frequency to
40 kHz. Scaling factors for normalization were determined on the basis of the peak intensities
of the bulk 13C’ signals.
Clearly, a shift to higher intensities is observed for higher MAS frequencies for both samples
(Figure 3.10). Evidently, at 20 kHz MAS the number of high intensity peaks for backbone and
methyls is larger for the 15% in comparison to the 25% RAP sample. At a MAS frequency of
40 kHz, the average sensitivity of backbone resonances reaches its maximum value for the 25%
RAP sample, and the methyl sensitivity has its optimum for a 15% RAP sample.
3.1.4.2 Experimental and simulated 1H line width at fast spinning
Dipole mediated line broadening contributes significantly to the detected 1H line width, whereas
the line width approximately scales linearly with the rotor period [Ernst et al., 2001, Reif and
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Figure 3.10: Distribution of absolute signal intensities in 15% and 25% α-spectrin SH3 RAP samples at different
MAS frequencies, with backbone and methyl resonances separated in the left and right column, respectively. The
number of bins was set to ten for all plots. Reproduced with kind permission from Asami, S., et al., J. Biol. NMR,
2012, 54 (2), pp 155-168. Copyright 2012 Springer Science and Business Media. DOI: 10.1007/s10858-012-9659-9.
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Griffin, 2003]. Along these lines, the 1H line width of a 25% RAP sample was determined as a
function of the MAS frequency. As can be seen for backbone as well as for methyl resonances,
the line width reduces significantly for higher spinning frequencies (Figure 3.11). The resolution
seemed to approach an asymptotic limit above 40 kHz. At 40 kHz, the line width of the 25%
RAP sample approaches the average line width determined for the 5% RAP sample (Figure
3.12A). The achievable 1H line width at 40 kHz MAS for a 25% RAP sample was on the order
of (49 ± 11) Hz for the backbone, and (44 ± 9) Hz for methyl protons, respectively (Figure
3.12B). Thus, high MAS frequencies almost compensated line broadening effects of the less
dilute sample.
Numerical simulations showed similar results for the 1H line width at increasing MAS ro-
tation frequencies. The 1H line width was determined for a proton within a four-spin system,
as a function of MAS and 1H Larmor frequency. The spin system was created with SIMMOL
[Bak et al., 2002], using proton coordinates of a lysine molecule, and simulated by SIMPSON
[Bak et al., 2000]. For the simulations in Figure 3.13A the spin system was composed of four
proton spins, as depicted by the structural model, whereas for Figure 3.13B the 1Hβ2 proton
was substituted by a deuteron. For the spin system, only the 1Hα, 1Hβ1, 1Hβ2 and 1Hγ1 nuclei
of lysine were retained, setting their isotropic chemical shift values to 5 ppm, 3.5 ppm, 3.4 ppm
and 2.5 ppm, respectively. Only the dipolar couplings for 1Hα,1Hβ1, 1Hα,1Hβ2, 1Hα,1Hγ1,
1Hβ1,1Hγ1, 1Hβ2,1Hγ1 were considered and set according to the distance of the respective
pair of nuclei. The 1Hα line width was simulated as a function of the MAS (20-70 kHz) and 1H
Larmor frequency (400-1000 MHz). Furthermore, the simulation was performed with an altered
spin system, in which 1Hβ2 was substituted by a deuteron. The 1H,2H dipolar couplings were
adjusted accordingly and a quadrupolar coupling constant of 150 kHz was assumed.
As expected, high spinning frequencies, as well as high magnetic fields, are favorable in
terms of resolution, as the dipole mediated line broadening was almost suppressed for both spin
systems. However, replacing a single proton by a deuteron led to a significant reduction of the
1H line width, especially at low spinning frequencies and external magnetic fields.
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Figure 3.11: 1H line width of backbone (left column) and methyl resonances (right column) as a function of the
MAS frequency for a 5% and 25% RAP sample of α-spectrin SH3. Reproduced with kind permission from Asami,




Figure 3.12: (A) Distribution of the 1H line width for a 5% and 25% RAP sample of α-spectrin SH3 at a MAS
frequency of 20 kHz and 40 kHz, respectively. (B) Average 1H line width in the MAS frequency range of 20-40 kHz.
Backbone and methyl resonances were plotted separately. Reproduced with kind permission from Asami, S., et al., J.
Biol. NMR, 2012, 54 (2), pp 155-168. Copyright 2012 Springer Science and Business Media. DOI: 10.1007/s10858-
012-9659-9.
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Figure 3.13: 1H line width as a function of the MAS and the 1H Larmor frequency, simulated for the indicated four
spin system. (A) Simulation carried out using four 1H spins. (B) Simulation performed with three 1H spins and one
2H spin. For this simulation, 1Hβ2 was substituted by a deuteron. Dashed lines in the structure indicate the dipolar
couplings employed in the simulation. For apodization a line broadening of 50 Hz was applied (dashed line in the
simulation). In all cases, the 1H line width was determined for the 1Hα resonance. Reproduced with kind permission




3.1.4.3 Sensitivity vs. 1H line width
Sensitivity and resolution were correlated upon change of the MAS rotation frequency (Figure
3.14). For accuracy, peaks with high signal-to-noise ratios were selected. The approximate
clustering of the population into loop and β-sheet indicated, that fast spinning had a greater
influence on resonances of residues, which are located in β-sheets, than for residues in loops.
This is presumably due to a higher rigidity of the β-sheets. For example, Leu33δ2 and Leu10δ1,
which reside in a β-sheet, were strongly MAS-dependent, unlike Leu12δ2, which was found in
a loop region.
Figure 3.14: Relation between the ratio of 1H line width and the gain in sensitivity for a 25% RAP sample, measured
at a MAS frequency of 20 kHz and 40 kHz. Overall, the gain in sensitivity and the reduction in line width were
correlated. The shaded area in the diagram highlights residues, which are located in loop regions. Reproduced with
kind permission from Asami, S., et al., J. Biol. NMR, 2012, 54 (2), pp 155-168. Copyright 2012 Springer Science and
Business Media. DOI: 10.1007/s10858-012-9659-9.
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3.1.4.4 Improvement of 13C resolution by fast spinning and homonuclear 13C,13C
decoupling
In extensively deuterated microcrystalline protein samples, the carbon line width is essentially
determined by homonuclear scalar couplings to adjacent carbon nuclei, since at high MAS fre-
quencies and magnetic fields the 13C,13C dipolar couplings do not contribute significantly to the
13C line width. Selectively labeled precursors, such as [2]-13C or [1,3]-13C glycerol [LeMas-
ter and Kushlan, 1996, Hong and Jakes, 1999, Castellani et al., 2002], could be employed to
isotopically label primarily non-consecutive carbon nuclei in the protein and to remove 13C,13C
scalar couplings.
For consecutively carbon labeled samples various homonuclear J-decoupling techniques have
been suggested for solid-state samples [Straus et al., 1996, Chevelkov et al., 2005b, Igumenova
and McDermott, 2005, Shi et al., 2008, Laage et al., 2009, Kehlet et al., 2011]. For backbone
13Cα carbons, evolution of the 13C’ and 13Cβ coupling can be suppressed by application of
bandselective pulses. Figure 3.16 shows 2D 1Hα,13Cα correlations obtained for a 15% RAP
sample of α-spectrin SH3. To yield optimal water suppression, the 13C evolution period was
designed in a constant-time fashion [Paulson et al., 2003]. In the absence of homonuclear decou-
pling, the 1Hα,13Cα region of the spectrum was rather poorly resolved (Figure 3.16A), yielding
13Cα line widths on the order of 105 Hz. 13C’,13Cα and 13Cβ,13Cα scalar couplings, which are
on the order of 55 Hz and 35 Hz, respectively, contribute significantly to the broadening of the
13Cα resonances.
To improve the resolution in the 1Hα,13Cα spectral region, we employed adiabatic HS2 inver-
sion pulses during the 13Cα evolution period (Figure 3.15). The enhancement of the resolution
can be clearly appreciated from Figure 3.16B. The 13Cα line widths were reduced to≈35-60 Hz
and a gain in resolution of about a factor of two was obtained.
Alternatively, a constant-time experiment [Vuister and Bax, 1992] can be carried out to yield
a similar improvement in resolution. In the absence of high-power proton decoupling and at
moderate rotation frequencies, however, backbone coherence lifetimes are short and constant-
time experiments become too insensitive.
Side chain carbons are more difficult to decouple by bandselective pulses due to the chemical
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Figure 3.15: (A) 1H-detected 2D (H)CH experiment with 13C’+13Cβ-decoupling. Water suppression was achieved
with a constant-time MISSISSIPPI sequence [Paulson et al., 2003, Zhou and Rienstra, 2008]. φ1 = (y, -y), φ2 = (x, x,
-x, -x), φ3 = (y), φ4 = (y), φ5 = (x, x, x, x, -x, -x, -x, -x), φrec = (y, -y, -y, y), (-y, y, y, -y). (B) Inversion profile of the
utilized adiabatic HS2 pulse. Reproduced with kind permission from Asami, S., et al., J. Biol. NMR, 2012, 52 (1), pp
31-39. Copyright 2012 Springer Science and Business Media. DOI: 10.1007/s10858-011-9591-4.
Figure 3.16: 1Hα,13Cα correlation spectra of a 15% RAP sample of α-spectrin SH3. (A) Without and (B) with
13C’+13Cβ homonuclear scalar decoupling during ω1, employing the pulse sequence shown in Figure 3.15A. The
spectra were recorded at 600 MHz, setting the MAS rotation frequency to 24 kHz. Reproduced with kind permission
from Asami, S., et al., J. Biol. NMR, 2012, 52 (1), pp 31-39. Copyright 2012 Springer Science and Business Media.
DOI: 10.1007/s10858-011-9591-4.
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shift overlap of the J-coupled atoms. In this case, constant-time experiments (Figure 3.17A)
have to be employed, but typically require long 13C coherence lifetimes and, therefore, high-
power decoupling on the order of 100-150 kHz during the constant-time periods [Tian et al.,
2009], even for deuterated proteins [Tang et al., 2010].
Here, we estimated the side chain resolution and the 13C coherence lifetimes via 1D constant-
time HSQC experiments [Vuister and Bax, 1992] for a 5% and 25% α-spectrin SH3 RAP sample
at 20 kHz and 60 kHz MAS (Figure 3.17B), respectively. The constant-time delay was set to
28.6 ms, according to 1/JCα ,Cβ . At 20 kHz MAS, the resolved signal of Leu8δ2 was barely
detectable in both samples. Overall, all side chain resonances, especially the methyl resonances
in the 25% RAP sample, displayed very low peak intensities. Setting the MAS frequency to
60 kHz yielded a significant increase of the effective T2 time for side chain carbons. The peak
intensity of the resolved Leu8δ2 signal increased up to a factor of ≈2 and ≈8 for the 5% and
25% RAP sample, respectively. 2D constant-time HSQC spectra are shown in Figure 3.37 (page
93).
Figure 3.17: (A) 1H,13C constant-time HSQC pulse sequence, omitting 13C’ selective refocussing pulses [Vuister
and Bax, 1992]. 2.5 kHz WALTZ-16 decoupling [Shaka et al., 1983] was applied on the 13C and 2H channel,
respectively. The phase cycle, φ1 = x, -x, φ2 = x, x, -x, -x and φrec = x, -x, -x, x, was employed. (B) First increment
of a constant-time 1H,13C HSQC experiment of a 5% and 25% RAP sample of a microcrystalline sample of the
α-spectrin SH3 domain at 20 kHz and 60 kHz MAS frequency, respectively. The constant-time period T = 1/JCα ,Cβ
was set to 28.6 ms. The gain in sensitivity for Leu8δ2 was on the order of ≈2 and ≈8 fold for the 5% and 25%
RAP sample, respectively. Reproduced with kind permission from Asami, S., et al., J. Biol. NMR, 2012, 54 (2), pp
155-168. Copyright 2012 Springer Science and Business Media. DOI: 10.1007/s10858-012-9659-9.
3.1.4.5 Optimization of homonuclear 13C,13C mixing
Active recoupling of the 13C,13C dipolar interactions is essential in deuterated samples, as the
transfer amplitudes in Proton-Driven Spin Diffusion (PDSD) experiments is typically not suf-
ficient to yield efficient mixing. In Figure 3.18, the performance of the dipolar mixing se-
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quences PDSD [Szeverenyi et al., 1982], adiabatic RFDR [Leppert et al., 2003] and RAD/DARR
[Takegoshi et al., 2001, 2003, Morcombe et al., 2004] are compared, employing an uniformly
protonated, as well as a 5% RAP sample of α-spectrin SH3, respectively. We found a similar
mixing performance for a 5% RAP labeled sample (B: adiabatic RFDR spectrum, using a mix-
ing time of 15 ms), in comparison to the uniformly protonated SH3 sample (A: PDSD spectrum,
using a mixing time of 20 ms).
Application of PDSD mixing to a severely proton diluted 5% RAP sample yielded a very
limited number of cross peaks (C), even though the mixing time was increased to 50 ms. Under
these conditions, RAD/DARR spectra (D-F) displayed a significantly improved mixing profile
[Huang et al., 2011a]. In the experiment, a rf field is applied either on the 1H channel (D), on
the 2H channel (E), or, as recently proposed [Akbey et al., 2009], simultaneously on the 1H and
the 2H channels (F). Simultaneous irradiation only yielded marginal improvements over single-
channel irradiation. For the cross peak Thr32 13Cβ,13Cα, we find a relative cross peak intensity
of 47% for RFDR, and 15% for 1H+2H RAD/DARR, respectively (the percentage indicates the
ratio of the cross peak volume to the sum of the cross and diagonal peak volumes). In total, the
adiabatic RFDR sequence (subjacent spectrum in black in plots (C-F)) displayed by far the best
mixing profile amongst PDSD and RAD/DARR and was, therefore, employed in 3D HCC and
CCH assignment experiments, described in section 3.2 (page 64).
3.1.4.6 Proton versus carbon excitation
In terms of sensitivity, proton excitation is in principle more favorable due to the higher gyro-
magnetic ratio of protons and their short T1 relaxation times. However, 1H-excited experiments
are not easily feasible as protons are randomly distributed in RAP samples. In a 15% RAP
sample, approximately 17% of all 13Cα carbons, and 10-16% of the side chain carbons are
protonated (section 3.1.2, page 31). To probe whether proton or carbon excitation was more fa-
vorable, we compared in the following the sensitivity of 1H- and 13C-excited 2D 13C,13C RFDR
experiments (Figure 3.19A).
In RAP samples (in contrast to uniformly deuterated samples), uniform excitation of all side
chain carbons is not an issue due to a more or less isotropic incorporation of protons in all po-
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Figure 3.18: (A) PDSD spectrum of an uniformly [1H,13C,15N] labeledα-spectrin SH3 sample, recorded at 400 MHz
and 11 kHz MAS. The mixing time was set to 20 ms. (B) Adiabatic RFDR spectrum acquired for a 5% RAP sample
at 600 MHz and 20 kHz MAS. The mixing period was adjusted to 15 ms. This spectrum was used as a reference for
figures (C-F). The superimposed red spectra in (C-F) are PDSD and RAD/DARR spectra with rf irradiation on the
1H, 2H and 1H+2H channel, respectively. All spectra (C-F) were recorded using a total mixing time of 50 ms, and
a 5% SH3 RAP sample. The rf field strength was set to the n = 1 rotational resonance condition. Reproduced with




sitions (cf. Table 3.2, page 38). Therefore, approximately the same number of correlations was
observable in the 1H-, as compared to the 13C-excited experiment (Figure 3.19B), respectively.
Missing peaks originate from residues located at the flexible N-terminus or in loop regions (e.g.
Val46). These residues are mobile and magnetization is not transferred by cross polarization.
Both RFDR experiments, 1H- and 13C-excited, were recorded with a recycle delay of 3 s
and the same number of scans, employing adiabatic RFDR for 13C,13C mixing [Leppert et al.,
2003]. The mixing time was set to 9.9 ms with t1(max) = 4.3 ms. The first increment of
the two experiments yielded rather similar intensities (Figure 3.19C). It should be noted, that
the recycle delay for the 1H-excited RFDR experiment could have been reduced to ≈0.5 s,
since the apparent T1 time for protons was much shorter than for carbons. Thus, the 1H-excited
experiment yielded an approximately ≈2.5× larger sensitivity (per unit time) in comparison to
the 13C-excited experiment.
To further increase the achievable sensitivity, the 1H,13C cross polarization transfer step (2CP,
Figure 3.20A, left) was supplemented with a 90◦ 13C pulse for direct carbon excitation and an
additional 2H,13C transfer step (3CP, Figure 3.20A, right). Cross polarization employing rf fields
on two or three channels (1H,13C and 1H+2H,13C), are referred to as 2CP and 3CP, respectively.
The CP contact time for 2CP and 3CP was 1 ms, with a 13C rf field of 24 kHz and a 1H rf
field strength ramped linearly around the n = 1 Hartmann-Hahn matching condition. The MAS
frequency was set to 18 kHz. The 2H rf field for 2H,13C CP was ramped between 38 kHz and
59 kHz (n = 2-3). Experimentally, it was found, that 2H,13C CP sensitivity benefits from high
power levels, especially for the backbone resonances, even though spinning sidebands with n> 1
are matched. However, with the available rf power on the 2H channel the whole 2H spectrum
could not be excited and using maximum power to achieve the n = 1 condition might damage
the probe. The 2CP and 3CP experiments were carried out using a 600 MHz spectrometer.
Employing 3CP yields a gain in the signal-to-noise ratio for the 13Cα region of approximately
a factor of 1.6 (Figure 3.20B). A similar observation was reported recently for uniformly deuter-
ated and 1H back-exchanged samples [Akbey et al., 2011]. In this context, a four channel probe
with high-power capabilities for 1H, 2H, 13C and low-power capabilities for 15N would be desir-
able. Simultaneous cross polarization among 1H, 13C and 2H, in combination with scalar decou-
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pling in the direct and indirect evolution periods (Figure 3.20C) would yield another increase in
performance. The use of Optimum Control (OC) in pulse sequence design might further allow
to improve sensitivity by reducing the required rf fields on the 2H channel [Wei et al., 2011].
Figure 3.20: Simultaneous 1H+2H,13C cross polarization (3CP) yields a significant improvement in sensitivity. (A)
Pulse scheme for the 1H,13C 2CP (left) and 1H+2H,13C 3CP (right) experiment. (B) Comparison of the sensitivity
of 2CP and 3CP experiments. (C) 3CP 13C,13C RFDR pulse sequence for a 4-channel probe. Reproduced with kind
permission from Asami, S., et al., J. Biol. NMR, 2012, 52 (1), pp 31-39. Copyright 2012 Springer Science and
Business Media. DOI: 10.1007/s10858-011-9591-4.
3.1.4.7 Isotopomeric purity in RAP samples
In addition to line width and sensitivity, the isotopomeric purity, and thus, the spectral quality,
has to be taken into account to identify the ideal amount of H2O in the bacterial growth medium
for Reduced Adjoining Protonation (RAP) labeling. For this labeling scheme, a distribution
of the methyl isotopomers, 13CH3, 13CDH2, 13CD2H and 13CD3, is obtained. However, in
the employed experiments, only isotopomers, that contain protons, were detected. The proton
concentration in RAP samples can be adjusted by the [H2O]/[D2O] ratio in the M9 medium (as
shown before in section 3.1.2, page 31). Neglecting the residual 3% protonation originating from
the 97% deuterated [13C]-glucose [Agarwal and Reif, 2008], the isotopomeric ratio of 13CD2H
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where p corresponds to the ratio [H2O]/[D2O]. As can be seen in Figure 3.21A, 13CD2H is
the highest populated isotopomer for the employed 5-25% RAP samples. This also was found
experimentally (Table 3.2, page 38).
For a 25% RAP sample, the averaged peak volume ratio [13CD2H]/[13CDH2] was on the order
of three and, therefore, the 13CDH2 isotopomer was sufficiently populated for detection. In a
2D 1H,13C HMQC spectrum recorded at a spinning frequency of 40 kHz this lower populated
isotopomer could be observed (Figure 3.21B). To determine the ratio of isotopomers, the exper-
imentally determined peak ratio was multiplied by a factor of two to account for the number of
bound protons.
Figure 3.21: Isotopomeric mixtures in RAP samples. (A) The ratio of the isotopomers [13CD2H]/[13CDH2] is
plotted as a function of [H2O]/[D2O] in the bacterial growth medium. For a statistical incorporation of protons,
this ratio, [13CD2H]/[13CDH2], corresponds to (1 p)/p (equation 3.7), where p corresponds to [H2O]/[D2O].
The 5%, 15% and 25% RAP samples are indicated by dashed vertical lines. Error bars indicate averaged ratios
from solution-state and solid-state NMR data, as obtained earlier (Table 3.2, page 38). Here, the experimentally
determined ratio [13CD2H]/[13CDH2] was scaled to account for the number of bound protons (see main text). (B)
2D 1H,13C HMQC spectrum of a 25% α-spectrin SH3 RAP sample at 850 MHz 1H Larmor frequency and 40 kHz
MAS. The most populated isotopomers, 13CD2H and 13CDH2, could be detected. The isotopomers showed the
typical isotope induced chemical shift differences of 0.02 ppm and 0.3 ppm [Gardner et al., 1997] in the 1H and 13C
dimension, respectively. Reproduced with kind permission from Asami, S., et al., J. Biol. NMR, 2012, 54 (2), pp
155-168. Copyright 2012 Springer Science and Business Media. DOI: 10.1007/s10858-012-9659-9.
3.1.4.8 Tightness of seal of 1.3 mm rotors
High MAS frequencies imply strong centrifugal forces on the rotor and the contained sample.
The g-force, that a sample in a 1.3 mm rotor at 60 kHz experiences, is about four times larger than
the force for a sample in a 3.2 mm rotor at 20 kHz (calculated for the inner radii). It can there-
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fore be assumed, that the tightness of seal deteriorates with faster spinning. Since the solvent
matrix is essential for protein stability, solvent leakage can be problematic for protein samples.
Therefore the influence of two different epoxy glues on impermeability was investigated (Figure
3.22A).
Three 1.3 mm rotors were filled with water and either glued with glue “A” (UHU epoxy),
glue “B” (Araldite) or kept untreated (see also section 2.1.6, page 23). The left y-axis in Figure
3.22A depicts the normalized water integral and the right y-axis the MAS frequency, respec-
tively. The untreated rotor showed already after ≈5 min a >99.9% water loss. By contrast, glue
“A” provided a significant improvement for the tightness of seal at 20 kHz. However, after ≈1 h
spinning the remaining water content decreased to about 10%. Increase of the MAS frequency
to 30 kHz induced an almost total loss of the water signal. Glue “B” showed the best perfor-
mance concerning the tightness of seal. After ≈1 h at 60 kHz MAS, the water content remained
at ≈90%. After an additional period of ≈15 h, the water signal decreased steadily to ≈20%.
Rotation induces a lateral force on the solvent, which promotes leakage. This is in particular
a problem for samples of pure water without protein. By contrast, the protein will rather be
compacted at the wall of the rotor. Subsequently, two 1.3 mm rotors were filled with a 25%
RAP α-spectrin SH3 sample. The rotors were either sealed with glue “A” or “B”, respectively.
The first increment of a 1H,13C HMQC experiment reveals, that the protein in rotor “B” remains
stable after several hours spinning at 60 kHz MAS, whereas the protein in rotor “A” becomes
denatured after ≈1 h (Figure 3.22B).
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Figure 3.22: Tightness of seal of a 1.3 mm rotor at 20-60 kHz MAS employing different procedures for sealing. In
the experiments, the top and bottom caps were either sealed with glue “A” (UHU epoxy), glue “B” (Araldite), or
kept unsealed. (A) Water integral of fully water-filled 1.3 mm rotors as a function of time and MAS frequency. Glue
“B” induced a significantly higher H2O tightness. (B) 1D 1H,13C HMQC spectra of two 25% RAP α-spectrin SH3
samples sealed with glue “A” (left) and “B” (right), respectively. Clearly, the sample in rotor “B” remained stable,
even after hours at 60 kHz MAS, while the sample in rotor “A” became denaturated after minutes and only 40 kHz
MAS. Reproduced with kind permission from Asami, S., et al., J. Biol. NMR, 2012, 54 (2), pp 155-168. Copyright
2012 Springer Science and Business Media. DOI: 10.1007/s10858-012-9659-9.
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3.2 1H- and 13C-detected aliphatic backbone and side chain
assignment experiments
Assignments are essential to proceed with investigations of structure and dynamics. For methyl
groups, a 1H-detected out-and-back (H)CCH Total Through-Bond Correlation Spectroscopy
(TOBSY) experiment has been proposed [Agarwal and Reif, 2008], which employs refocused
INEPT transfers in combination with 13C homonuclear mixing. Due to the intrinsically short
13Cα T2 coherence lifetimes at moderate rotation frequencies, (H)CCH TOBSY type experi-
ments are not suitable for the assignment of 1Hα,13Cα cross peaks. Furthermore, 1Hα,13Cα
backbone assignments are complicated due to artifacts, which arise from the residual solvent
signal. Here, we present 3D HCC and CCH type correlation experiments, which allowed us to
assign ≈90% of the 1Hα,13Cα backbone, and side chain resonances of a 15% RAP sample of
α-spectrin SH3. In both experiments, 13C,13C homonuclear mixing is achieved, using an adia-
batic RFDR sequence [Leppert et al., 2003], as it yielded an optimal mixing profile (cf. section
3.1.4.6, page 56).
In the 3D CCH experiment, acquisition times of 36.4 ms, 8.1 ms and 4.6 ms were employed
in the direct 1H dimension (ω3) and the indirect 13C dimensions, ω2 and ω1, respectively. 13C
excitation was facilitated by paramagnetic doping to reduce the recycle delay. This way, the T1
relaxation time of the bulk 13Cα magnetization was reduced to ≈3.5 s. Use of a recycle delay
of 1 s allowed to select for methylene and methyl resonances.
The 3D HCC experiment was acquired using acquisition times of 11.5 ms, 4.9 ms and 5.1 ms
in the direct 13C dimension (ω3) and the indirect 1H and 13C dimension (ω1, ω2). The recycle
delay was set to 0.6 s.
To record the 13C-detected 3D HCC assignment experiment, an α-spectrin SH3 sample was
employed, which was prepared, using 10% H2O and 90% D2O in the crystallization buffer. For
the 1H-detected 3D CCH experiment, a sample crystallized from 100% D2O was employed.
In all experiments, 2-3 kHz low-power WALTZ-16 [Shaka et al., 1983] decoupling was used.
Quadrature detection was achieved using TPPI [Marion and Wuthrich, 1983].
To assign the 1Hα,13Cα backbone region, we performed a 1H-detected 3D CCH correlation
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experiment, which is represented in Figure 3.23A. In this experiment, the 1Hα chemical shift is
correlated with the chemical shift of the directly bound 13Cα carbon, and after a homonuclear
mixing step, with the chemical shift of 13C’/13Cβ. The experiment allows to assign backbone
as well as side chain resonances. All expected 13C resonances throughout the whole side chain
could be detected (Figure 3.24A). Figure 3.24B relates schematically the different stages of
the pulse scheme in Figure 3.23A to the molecular frame, employing the amino acid lysine
as an example. In the proton detected experiment, observation of the 1Hα,13Cα correlations
is complicated due to solvent suppression artifacts. These difficulties might be overcome as
soon as pulsed field gradients become routinely available for MAS solid-state NMR applications
[Chevelkov et al., 2003].
Figure 3.23: (A) 3D CCH and (B) HCC experiments for assignment of aliphatic resonances in RAP labeled protein
samples. (A) 1H-detected, φ1 = (y, -y), φ2 = (y), φ3 = (y, y, -y, -y), φrec = (y, -y, -y, y). (B) 13C-detected, φ1 = (-x, x),
φ2 = 4(y), 4(-y), φ3 = 8(x), 8(-x), φrec = (-x, x, x, -x), 2(x, -x, -x, x), (-x, x, x, -x). Reproduced with kind permission
from Asami, S., et al., J. Biol. NMR, 2012, 52 (1), pp 31-39. Copyright 2012 Springer Science and Business Media.
DOI: 10.1007/s10858-011-9591-4.
To entirely circumvent water interference, a 13C-detected HCC experiment can be recorded,
employing the pulse scheme shown in Figure 3.23B. The sequence started out with an indirect
proton evolution period ω1(1H). Magnetization was transferred then via cross polarization (CP)
to carbons, followed by a first 13C evolution period ω2(13C). After 13C,13C homonuclear mixing,
the carbon signal was detected in a second 13C dimension, ω3(13C), facilitating unambiguous
resonance assignments. Heteronuclear scalar decoupling was achieved by application of low-
power WALTZ-16 decoupling [Shaka et al., 1983], employing a rf field strength on the order of
2-3 kHz.
In total, ≈90% of backbone and side chain resonances were unambiguously assigned. Rep-
resentative strips from this experiment are depicted in Figure 3.25. Assignments obtained this
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Figure 3.24: (A) 2D strips extracted from the 1H-detected, 13C-excited 3D CCH correlation experiment, using the
15% α-spectrin SH3 RAP sample. The external magnetic field was 16.4 T (700 MHz) and the MAS frequency was
adjusted to 18 kHz. The assignments on the top and at the bottom of the strips indicate the carbon and proton nuclei,
which evolved during t1 and t3, respectively. All expected intraresidual correlations were observed. (B) Schematic
representation of lysine, highlighting the distribution of magnetization at the different stages of the pulse scheme
from Figure 3.23A. Reproduced with kind permission from Asami, S., et al., J. Biol. NMR, 2012, 52 (1), pp 31-39.
Copyright 2012 Springer Science and Business Media. DOI: 10.1007/s10858-011-9591-4.
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way were employed to annotate Figure 3.26 and 3.27, which show 2D 1H,13C correlation spectra
of a 25% RAP-glucose and a 10% RAP-glycerol sample of α-spectrin SH3, respectively. The
RAP-glycerol labeling scheme will be presented in section 3.5.1 (page 103). A table with the
experimental 1H and 13C chemical shifts is given in the appendix (Table 2, page 215 and Table
3, page 217).
Since the 15% RAP sample, employed for recording the 3D HCC experiment, contained
approximately 10% protons at exchangeable sites, most of the 1HN chemical shifts could be
assigned as well (Figure 3.25). Correlations between 1HN and 13Cα/13C’ were due to long-
range through-space connectivities [Agarwal et al., 2010].
Figure 3.25: 2D strips extracted from the 13C-detected 3D HCC correlation experiment recorded for the 15% α-
spectrin SH3 RAP sample (with 10% back-exchanged protons), employing the sequence, illustrated in Figure 3.23B.
1HN as well as 1Hα chemical shifts were unambiguously assigned by correlating 13Cα to 13Cβ/13C’ chemical shifts.
Note, that the direct dimension ω3(13C) is represented as the vertical dimension. The MAS frequency was set to
18 kHz, at an external magnetic field of 16.4 T (700 MHz). Reproduced with kind permission from Asami, S., et al.,




Figure 3.26: 1H,13C HMQC correlation spectrum of a 25% α-spectrin SH3 RAP sample at a MAS frequency of
40 kHz. The effective temperature was adjusted to ≈15-20 ◦C and the external magnetic field was 20 T (850 MHz).
Reproduced with permission from Asami, S., et al., Acc. Chem. Res., 2013, 46 (9), pp 2089–2097. Copyright 2013
American Chemical Society. DOI: 10.1021/ar400063y.
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Figure 3.27: Refocussed 1H,13C HSQC spectrum of a 10% RAP sample, expressed in a M9 minimal medium with
[u-2H, 2-13C]-glycerol (see Table 2.1, page 21 for preparation details). The pulse sequence is given in Figure 3.41B
(page 104), but omitting the inversion recovery delay. The rotation frequency was set to 50 kHz, further parameters
are given in the caption of Figure 3.26.
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In the 13C-detected HCC experiment, the Hartmann-Hahn matching condition during the CP
transfer step (Figure 3.23B) was optimized to yield maximum sensitivity for aliphatic resonances
and minimum intensity for 13C’ (Figure 3.28) [Baldus et al., 1998, Laage et al., 2008]. This way,
the spectral width in the ω2(13C) dimension could be reduced to 70 ppm, suppressing at the same
time folding artifacts from 13C’ resonances. In case the experiment would be recorded in such
a way, that magnetization transfer to 13C’ is maximized, sequential assignments via 1HN(i)–
13Cα(i) and 1HN(i)–13C’(i 1) correlations would be obtained. This experiment is superior in
terms of sensitivity in comparison to the HNCACX experiments as it lacks the magnetization
transfer step to 15N(i). Alternatively, amide protons in RAP samples can be assigned using
HNCA or HNCACB experiments [Linser et al., 2008], a combination of 3D HNCO and HN-
CACO experiments [Linser et al., 2010] or using long-range H/C dipolar transfers in perdeuter-
ated samples, as recently proposed [Linser, 2012].
Figure 3.28: Optimization of selective excitation during the 1H,13C CP magnetization transfer for a 25% RAP
sample. 1HN amide protons were back-exchanged in a 30%/70% H2O/D2O buffer. The 13C offset was set to the
middle of the aliphatic region and the CP contact time to 1000 µs. The spectra were recorded at a MAS frequency
of 20 kHz and an external magnetic field of 16.4 T (700 MHz). Either a (A) linear ramp from 100-75% or (B) no
ramp was employed. Omitting the ramp during CP and optimizing for maximum sensitivity for aliphatic resonances
reduced the 13C’ signals (gray shaded area) by almost a factor of 10. Reproduced with permission from Asami,
S., et al., Acc. Chem. Res., 2013, 46 (9), pp 2089–2097. Copyright 2013 American Chemical Society. DOI:
10.1021/ar400063y.
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In Figure 3.29 the α-spectrin SH3 backbone chemical shifts obtained in the solid-state were
compared with the shifts found in solution at pH 7.3 [van Rossum et al., 2001]. Both, 1Hα
and 13Cα chemical shifts, were well correlated, yielding a Spearman’s correlation coefficient of
0.909 and 0.991 for 1Hα and 13Cα, respectively. This indicated, that the α-spectrin SH3 protein
structure in the crystal and in solution are highly similar. Small chemical shift differences arose
from residues, which were involved in crystal contacts. In particular, we found deviations from
an ideal correlation for the 1Hα shift of Ser19 and the 13Cα shift of Pro20, respectively. These
residues were within 6 Å to the aromatic rings of Tyr13 and Tyr57 of a molecule in a symmetry
related unit cell.
Figure 3.29: Correlation diagram of solution-state versus solid-state NMR chemical shifts for (A) 1Hα and (B) 13Cα
in α-spectrin SH3. Reproduced with kind permission from Asami, S., et al., J. Biol. NMR, 2012, 52 (1), pp 31-39.
Copyright 2012 Springer Science and Business Media. DOI: 10.1007/s10858-011-9591-4.
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3.3 Determination of structural distance restraints with RAP
samples
In addition to correlation spectroscopy, as discussed in the previous section (3.2, page 64), the
presented labeling scheme enables access to 1H,1H distance restraints among side chains in a 3D
H(H)CH experiment, as shown in Figure 3.30A. In the experiment, a first proton evolution pe-
riod is followed by a 1H,1H magnetization mixing step, utilizing a rotor synchronized adiabatic
RFDR mixing scheme [Leppert et al., 2003]. After mixing, magnetization was transferred to 13C
for chemical shift evolution and finally to 1H for detection, using a scalar HMQC type sequence.
Due to the fact, that the proton spin system was sufficiently dilute, long range interactions could
be obtained, without truncation of the dipolar coupling.
Figure 3.30B shows the experimental results, focussing on correlations involving Ala11 and
Met25 in the hydrophobic core of the α-spectrin SH3. The 13C resolved 1H(ω1),1H(ω3) planes
showed all expected correlations between Met25ε, Ala11β, Val53γ2 and L10δ2. The structure
of the protein is represented in Figure 3.30C. The shortest methyl-methyl proton distances were
between 4.5 Å and 5.6 Å.
In contrast to previous approaches, in which the exchangeable protons had to be partially
replaced with deuterons [Knight et al., 2011, Linser et al., 2011a], the presented RAP labeling
scheme does not require an 1H/2H exchange step. This will be of particular importance for
the investigation of membrane proteins, which have very stable amide protons, that might not
exchange within months.
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Figure 3.30: 3D H(H)CH correlation experiment for the determination of long-range 1H,1H distances in the solid-
state. For 1H,1H mixing, a rotor synchronized adiabatic RFDR mixing scheme was used with a mixing time of 8 ms
and a rf field of 55 kHz [Leppert et al., 2003]. τ was set to 3.4 ms corresponding to 1/2JHC. The MAS frequency
was adjusted to 20 kHz on a 600 MHz spectrometer. The effective temperature was ≈17 ◦C. The acquisition times
were 57 ms, 10 ms and 8 ms in the direct 1H- and the indirect 13C- and 1H-dimension, respectively. 16 scans were
accumulated for every increment, while employing the phase cycle: φ1 = y,-y, φ2 = 2(x),2(-x), φ3 = 4(x),4(-x) and
φrec = y,-y,-y,y,-y,y,y,-y. The total acquisition time amounted to 3 d. The 1H carrier frequency was positioned on the
HDO resonance. Quadrature detection in ω1 and ω2 was achieved using TPPI [Marion and Wuthrich, 1983]. (B)
2D stripes along the ω2-13C dimension of Met25ε, Ala11β, V53γ2 and L10δ2. (C) The local proximity of those
residues is illustrated using the crystal structure (PDB: 1U06) [Chevelkov et al., 2005d]. Reproduced with permission




3.4 Probing sub-µs motions via 1H,13C dipole tensor anisotropy
and asymmetry
The following section describes the experimental determination of the 1H,13C dipolar coupling
tensor, which is a direct probe for the motional symmetry and amplitude of sub-µs dynamics.
The parameters were compared to a Molecular Dynamics (MD) simulation and X-ray crystal-
lography data. The experiments were carried out using Reduced Adjoining Protonation (RAP)
and selectively methyl-labeled Val/Leu α-spectrin SH3 samples.
The dipolar coupling is a powerful probe for fast dynamical processes on the ps-ns timescale.
In the absence of motion, the dipolar coupling between two nuclei i and j can be expressed in
Cartesian coordinates in the principal axis frame by a traceless second rank tensor:
D̂i j = δD,rigidd̂i j. (3.8)
The rigid-limit dipolar coupling anisotropy (in the absence of sub-µs motions), δD,rigid, is defined






where µ0 is the magnetic constant, γi and γ j are the gyromagnetic ratios of nuclei i and j, re-
spectively, h̄ is the reduced Planck constant and ri j the internuclear distance. The d̂i j tensor is
described by
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was employed. As stated above, the tensor d̂i j is traceles (Tr(d̂i j) = 0).
In the presence of motions, which occur with correlation times shorter than 1/δD,rigid (approx-
imately 10-100 µs), the dipolar coupling anisotropy becomes partially averaged, which yields a
reduced, effective anisotropy δD. To quantify the motional amplitude, an order parameter S can
be introduced as a prefactor in equation 3.9, which varies between zero (high mobility) and one
(rigid), respectively.
The description of the motion of two dipolar coupled nuclei by only one order parameter
is only sufficient, if the motion is isotropic. In this case, the motional averaged dipole tensor
remains axially symmetric. For anisotropic motions, the dipole tensor becomes asymmetric. An
asymmetry parameter η can be introduced to allow for a general case of motion, as described
earlier [Meier et al., 1982, Tritt-Goc et al., 1986, Tritt-Goc, 1995, Schanda et al., 2011a]. In this
manner, the dipole tensor can be redefined as











[Gross et al., 1997]. The formalism includes the asymmetry parameter η and the order parameter
S, respectively. The tensor D̂i j remains traceless.
As can be seen from the r−3i j dependency in equation 3.9, the dipolar coupling acts through
space. However, motional parameters are usually determined for directly bonded nuclei, like
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1Hα,13Cα, 1HN,15N, 13C’,15N, since accurate bond lengths are known from neutron diffrac-
tion studies [Alkaraghouli and Koetzle, 1975]. Using the bond lengths, the rigid-limit dipolar
coupling anisotropy, δD,rigid, can be calculated using equation 3.9. Therefore, the experimentally
observed anisotropy, δD (equation 3.13), can only be equal to or less than δD,rigid. In this manner,
the ratio of the experimentally determined dipolar coupling anisotropy to the rigid-limit value





The dipolar coupling anisotropy, as well as the asymmetry, can be determined by fitting the
experimental data to a grid of simulated data, as will be described in section 3.4.2 (page 80).
3.4.1 1H-detected REDOR experiment: theoretical and experimental approach for
the determination of 1H,13C dipolar coupling tensors
Several approaches have been introduced to obtain one-bond dipolar coupling constants for ro-
tating solids. All approaches rely on the application of a dipolar recoupling sequence to in-phase
Sx magnetization. The most prominent dipolar recoupling sequences are T-MREV [Hohwy et al.,
2000, Franks et al., 2005, Helmus et al., 2010], symmetry-based pulse sequences (R1871, R18
5
2)
[Yang et al., 2009, Zhao et al., 2001a,b], cross polarization phase-inverted (CPPI) [Dvinskikh
et al., 2003, 2005, Chevelkov et al., 2009a] and Rotational-Echo Double-Resonance (REDOR)
sequences [Gullion and Schaefer, 1989, Pan et al., 1990, Jaroniec et al., 2000], respectively.
Recently, Schanda et al. [2011b] carried out a comparative study about recoupling sequences to
identify the optimal sequence for deuterated proteins. In contrast to the listed sequences, which
were designed for uniformly protonated proteins, 1H,1H dipolar couplings are largely reduced in
perdeuterated or Reduced Adjoining Protonation (RAP) samples and at the nowadays available
high spinning speeds (60-67 kHz). However, the REDOR sequence proved to be the best se-
quence in terms of insensitivity to rf miscalibration and inhomogeneity and independency with
regard to I- and S-spin Chemical Shift Anisotropy (CSA), respectively. The only significant
error source applying REDOR sequences were remote protons. However, this error source is al-
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most circumvented by employing deuterated samples, which yield isolated dipolar coupled spin
pairs (1H,13C or 1H,15N).
For the determination of 1H,13C dipolar coupling tensors, a 1H-detected REDOR sequence
was employed, as illustrated in Figure 3.31A. For evolution of in-phase Sx magnetization, a
refocused INEPT sequence was utilized. Here, S referred to a 13C and I to a 1H nucleus, respec-
tively. Dipolar recoupling was accomplished by two REDOR blocks, following a xy-16 phase
cycling scheme to eliminate resonance offset effects [Gullion and Schaefer, 1991]. For a better
understanding of the REDOR sequence, in the following, the dipolar frequency ωD under MAS
will be described.
The time-dependent interaction Hamiltonian for a dipolar coupled I−S spin pair under MAS
at a frequency ωr is described as [Haeberlen and Waugh, 1968, Pan et al., 1990]
HIS(t) = ωD(α,β , t)IzSz. (3.15)
Here, the dipolar frequency ωD is










where α and β are polar angles defining the orientation of the internuclear dipolar I−S vector
in a coordinate system with z parallel to the magic angle rotation axis. The time evolution of the







HIS(t ′)dt ′, (3.17)
The average dipolar transition frequency, ωD, is obtained by integration of equation 3.17 and
leads to




















Figure 3.31: (A) 1H-detected 1H,13C REDOR pulse sequence adapted from Schanda et al. [2011a]. The phase cycle
was as follows: φ1 = (x, x, -x, -x), φ2 = (x, y, x, y), (y, x, y, x), (-x, -y, -x, -y), (-y, -x, -y, -x), φ3 = (x, -x), φ4 = 2×(-y,
-y, -y, -y), 2×(y, y, y, y), φ5 = (y, -y), φ6 = (x, x, x, x), (-x, -x, -x, -x), φrec = (x, -x, -x, x), (-x, x, x, -x), (-x, x, x, -x), (x,
-x, -x, x). φ2 followed the xy-16 scheme and was reset to its first phase for every increment. During the first (second)
REDOR recoupling block, φ2 was incremented (decremented). τ was set to 1/4JHC ≈ 1.92 ms and the z-filter delay
∆zf to 2-5 ms. The oscillation of the REDOR curve was altered by the delay ζ . The total REDOR period was a
multiple of the rotor period τr and equal to 2τr(1+n), in which n was the number of cycles, as depicted in the pulse
scheme. Quadrature detection in ω1 was achieved usind TPPI [Marion and Wuthrich, 1983]. In (B) numerical spin
simulations were performed using SIMPSON [Bak et al., 2000] to determine the optimal experimental parameters in
terms of the ζ -delay and the recoupling rf field strengths. Here, the influence of the ζ -delay is illustrated by plotting
REDOR dephasing curves with ζ equal to 1.0 µs, 1.5 µs and 2.0 µs, respectively. The 1H,13C dipole anisotropy
was set to -20 kHz and the MAS frequency to 50 kHz. (C) Numerical simulations were performed using the same
parameters as in (B), while varying the asymmetry η of the 1H,13C dipole tensor from 0.0 to 1.0 in steps of 0.2 and
keeping the ζ -delay constant at 1.0 µs.
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Since ωr = 2πτr , both time-dependent terms, sin[2(α + ωrt
′)] and sin(α + ωrt ′), simplify to
sin(2α) and sin(α) setting t ′ = 0 or t ′ = τr. In total, ωD = 0 and, hence, the dipolar coupling
Hamiltonian is equal to zero over one rotor period. This is the analytical result in the absence of
a recoupling sequence.
To determine an expression in the presence of REDOR recoupling, it should be noted, that
during the REDOR block (Figure 3.31A) equally spaced π pulses are applied on the I spin (1H),
usually at the middle of every rotor period. As will be discussed at the end of this section, the
variation of the timing between these pulses modulates the oscillation of the dephasing curves.
However, for a simplified case, we assume, that the π pulse is applied at the time point τ1. In
this manner, the sign of the average dipolar transition frequency is reversed by the π pulse (to











ωD(α,β , t)dt ′
}
. (3.19)
Hence, application of the REDOR sequence yields ωD 6= 0 and the dipolar coupling is recou-
pled. Since the dipolar transition frequency is a function of the dipolar coupling anisotropy, δD
(equation 3.16), the anisotropy can be extracted by fitting the oscillation of ωD.
To normalize the REDOR dephasing signal (referred to as S) and correct for 13C T2 magne-
tization decay during the recoupling period, an additional set of experiments has to be acquired
with the same settings, but omitting the π pulses on the I spin. The signal in the reference exper-




















32δDnτr sinβ cosβ sinα, (3.21)
in which n is the number of dephasing cycles during the REDOR block (Figure 3.31A).
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Here, a symmetric dipole tensor was assumed. However, to take account of an asymmet-
ric dipole tensor, as well as finite pulse effects and I and S spin CSA, respectively, numerical
simulations using SIMPSON [Bak et al., 2000] were carried out.
As shown in Figure 3.31B, the oscillation of the REDOR dephasing curve can be modulated
by adjusting the ζ -delay [Schanda et al., 2010, 2011b]. Since the sampling frequency is limited
to integer multiples of the rotor period, optimizing the ζ -delay improves the sampling of the
data points.
To determine the influence of the dipole tensor asymmetry η on the shape of the REDOR
curve, simulated dephasing signals were plotted as a function of the asymmetry (Figure 3.31C).
The oscillation becomes damped with increasing asymmetry, which is an advantageous property,
since it can be used as a direct probe for anisotropic motions, as will be shown in section 3.4.4
(page 85).
3.4.2 Details about experimental setup and data analysis
The details about the determination of 1H,13C dipole tensor anisotropy and asymmetry are de-
scribed in this section. To enable an accurate determination of these parameters, spectra with
high resolution and sensitivity are required. In this manner, microcrystals of a 15% α-spectrin
SH3 RAP sample were employed, which have been cocrystallized with 100 mM Cu(II)EDTA to
reduce the 1H T1 times and hence the recycle delay. The recycle delay was set to 0.8 s (optimized
for 1Hα backbone protons). The REDOR sequence shown in Figure 3.31A was employed, which
utilizes refocused INEPT transfer steps for generation of in-phase 13C Sx magnetization during
the recoupling period. The resolution and sensitivity were further improved by a high spinning
frequency of 40 kHz (see Figure 3.7, page 42) and by application of proton detection. In total,
well-resolved 1H,13C 2D spectra with high sensitivity were acquired in≈2 h (signal-to-noise for
Leu8δ2 was ≈ 20 : 1).
Two REDOR series were recorded with a ζ -delay of 1.1 µs and 1.5 µs, respectively. For
every series, reference experiments were acquired at every fifth dephasing point by setting the
rf power for the 1H π pulses during the REDOR period to 0 kHz. The magnetization decay of
the reference experiments can be described by a linear function, as illustrated in Figure 3.32.
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To normalize the REDOR dephasing curves according to equation 3.20 (page 79), the reference
intensity for every data point was interpolated from the linear fit (Figure 3.32). The peak
Figure 3.32: 13C Sx signal decay in REDOR reference experiments of a 15% α-spectrin SH3 RAP sample, fitted
by a linear function. The correlation coefficient R2 is between 0.87 and 0.96. Here, the experimental series with a
ζ -delay of 1.1 µs was employed.
volumes for the dephasing and the reference experiment, referred to as S and S0, respectively,
were determined by integration of the spectrum. The measuring uncertainty of the peak volumes,
δS and δS0, were set to two times the standard deviation of the noise (2σnoise). The noise
was determined by averaging over 1,000 randomly placed boxes in the noise region, while the
integration box of the noise and the box of the respective protein resonance had the same size.
The error for the normalized intensities, δS (equation 3.20, page 79), was determined by 10,000
Monte Carlo simulations (details for the Monte Carlo simulations are given below).
As discussed in the introduction of this section (page 74), the experimentally obtained 1H,13C
dipolar coupling anisotropy is, in general, reduced by the order parameter (see equation 3.13,
page 75). Therefore, for a quantitative description of the amplitude and the symmetry of the
motion, the dipolar coupling anisotropy and the asymmetry parameter, δD and η , have to be
determined by the experiment.
To extract both parameters from the experimental data, a grid of simulated dephasing curves
was created, using SIMPSON [Bak et al., 2000]. The dipolar coupling anisotropy was varied
from -20 Hz to -23,500 Hz in -20 Hz steps, while the asymmetry was varied from 0.0 to 1.0 in
0.05 steps. To improve the fitting, a simultaneous fit of both REDOR series (with ζ -delays of
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where S = ∆SS0 is the normalized REDOR dephasing signal, n is the number of acquired dephas-
ing points, k and l are indices for δD and η values on the generated grid, respectively. RMSD
values were calculated over the entire grid and the k, l pair at the global RMSD minimum was
chosen as the best fit value for δD and η , respectively.
To estimate the error of the dipole anisotropy and asymmetry, Monte Carlo simulations were
performed. For each resonance, the best fitting, simulated dephasing curve can be described by
the vectors
~fx,best = (x1,x2,x3, . . . .xn)
T , (3.23)
~fy,best = (y1,y2,y3, . . . ,yn)
T , (3.24)
in which xi and yi are the dephasing time and normalized dephasing signal, respectively.
The squared measuring uncertainty of the normalized dephasing curves, δS (vide supra),
was used as the variance, σ2. For every resonance, N vectors (indexed by m)
∆~fy,best,m = (∆y1,∆y2,∆y3, . . . ,∆yn)
T . (3.25)
were generated, according to the Box-Muller sampling of a normal distribution [Box and Muller,
1958], using the variance σ2. The effective vector was calculated as
~f MCy,best,m = ~fy,best +∆~fy,best,m. (3.26)
For every ~f MCy,best,m vector, a RMSD minimization was performed to determine the best fitting
parameters, δ MCD,m and η
MC
m , respectively. Finally, for every analyzed resonance, the average and
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the standard deviation over the N values of δ MCD,m and η
MC
m were determined and listed as δD±∆δD
and η±∆η in the appendix (page 215).
Using the 1H,13C rigid-limit dipolar coupling values, the squared order parameter, S2, was
calculated according to equation 3.14 (page 76). S2 and η are given in Figure 3.33. To visualize
the convergence of the fit, RMSD contour plots are shown as insets to the dephasing curves.
3.4.3 Backbone, side chain and methyl dipole tensors of α-spectrin SH3
Representative experimental REDOR dephasing curves for backbone, side chain and methyl
resonances are plotted in Figure 3.33. Large variations in the oscillation of the dephasing curves
were determined for the different moieties. Theoretically, the dipolar coupling anisotropy for
methyl groups is reduced by a factor of three (for the tetrahedral angle θHCC = 109.5◦), due to
fast rotation around the methyl three-fold axis:
δD,met =
∣∣δD · 12 (3cos2 θHCC−1)∣∣≈ 13 δD. (3.27)
In this manner, the oscillation of a methyl dephasing curve is significantly reduced, as compared
to a backbone dephasing curve, as apparent for Ala56α and Ala56β in Figure 3.33, respec-
tively. But large differences in the dipole coupling anisotropy were also detected for non-methyl
residues, as can be seen, for example, for the 1Hβ1,13Cβ1 dipole tensor of Lys60.
The quantification of the dynamical parameters reveals, that, for example, Lys60β1 has an
over two times smaller squared order parameter (S2 = 0.19± 0.01), as compared to Lys59β1
(S2 = 0.43±0.02, not shown, cf. Table 5, page 221), indicating a higher motional amplitude for
Lys60β1. However, the asymmetry parameters are very similar (η = 0.31± 0.22 for Lys59β1
and η = 0.25±0.23 for Lys60β1), hinting at a similar underlying motional mode.
In addition, we also determined REDOR dephasing curves using a sparsely 13C labeled 10%
RAP-glycerol sample of α-spectrin SH3, which was expressed using [u-2H, 2-13C]-glycerol
as the carbon source. In this sample, the carbon nuclei were non-consecutively isotopically
enriched (the RAP-glycerol labeling scheme is presented in section 3.5.1, page 103). However,
due to limited measuring time (all REDOR experiments were carried out externally at Bruker
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Figure 3.33: (A) Experimental REDOR dephasing curves for dipolar coupled 1H,13C backbone, side chain and
methyl resonances, respectively, using a 15% α-spectrin SH3 RAP sample, cocrystallized with 100 mM Cu(II)EDTA.
The external magnetic field was 11.7 T (500 MHz). The sample was packed into a 1.9 mm rotor and spun at a MAS
frequency of 40 kHz (±5 Hz). Here, the rotor caps were glued as described in Materials and Methods (section 2.1.6,
page 23). The effective sample temperature was adjusted to 15-20 ◦C. The pulse sequence, illustrated in Figure 3.31A,
was employed, but omitting the 2H-decoupling due to the limitation of the probe, which only contained two channels.
To improve the fitting, two datasets with different ζ -delays (1.1 µs, black, and 1.5 µs, red) were fitted simultaneously.
Two times the standard deviation of the noise was employed as the measuring uncertainty of the peak volumes.
The errors of the order and asymmetry parameter were determined by 1,000 Monte Carlo simulations. Duplicate
experiments at 0.05 ms dephasing were acquired in the beginning, middle and the end of the experimental series.
They displayed equal intensities, within the estimated measuring uncertainty. The fitting of the dephasing curves was
performed over a grid search, as described in the main text. The inset contour plots show the RMSD between the
fitted and the experimental curves, as a function of the dipole coupling anisotropy and asymmetry (equation 3.22,
page 82). All contour plots are equally scaled, therefore, the tick marks were labeled only for the contour plot in
the upper left. The best fit value was marked with a cross. Order parameters were determined using equation 3.14
(page 76). We assumed a 1Hα,13Cα bond length of 1.11 Å [Alkaraghouli and Koetzle, 1975, Yao et al., 2001] and
a 1H,13C methyl bond length of 1.15 Å [Henry and Szabo, 1985, Ishima et al., 2001], which yielded a rigid-limit
dipolar coupling anisotropy of -22090.2 Hz and -21794.4 Hz, respectively. For methyl groups, the rigid-limit dipole
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BioSpin in Karlsruhe, Germany, with the kind technical support of Dr. Sebastian Wegner), the
REDOR dephasing signal was only obtained up to a dephasing time of ≈1 ms, as shown in
Figure 3.34A. After all, dipolar coupling anisotropies were extracted, which showed a good
correlation to the values obtained using the 15% RAP sample (Figure 3.34B). Outliers were
attributed to the lower sensitivity, employing the RAP-glycerol sample (only 10% protons), as
well as to insufficient data sampling. In the present thesis, primarily dipolar parameters of the
15% RAP sample were used, unless mentioned otherwise.
Figure 3.34: Comparison of dipolar coupling anisotropies using a 10% RAP-glycerol and a 15% RAP-glucose sam-
ple of α-spectrin SH3. (A) REDOR dephasing curves for the backbone 13Cα resonances of Ser19 (black) and Lys60
(red), respectively, using the 10% RAP-glycerol sample, were plotted. (B) Linear correlation of dipolar coupling
anisotropies obtained for both samples. The linear correlation coefficient was ≈0.6, while setting the y-intercept to
zero and the slope to one.
3.4.4 Methyl dynamics: REDOR MAS NMR, X-ray crystallography and MD
simulation
1H,13C dipolar coupling anisotropies are motional probes for ps-ns dynamics and, therefore,
ideally suited for the investigation of methyl dynamics. At room temperature, methyl groups
steadily undergo fast rotations around their local threefold axis with correlation times on the ps
timescale. The amplitude of this fast, axially symmetric rotation is characterized by an order











yielding S2f ≈ 0.111 for an ideal tetrahedral geometry (θHCC = 109.5◦). Due to the ps timescale,
which is much smaller than 1/δD,rigid, the dipole coupling anisotropy is averaged by this rota-
tional motion.
Further averaging is induced by rotameric jumps along the symmetry threefold axis (e.g.
13Cα,13Cβ axis for Val), which occur on a slower timescale and are typically in the low ns
regime (0.2-2 ns) [Nicholson et al., 1992, Skrynnikov et al., 2002]. The order parameter, related
to rotameric jumps (or generally to motions of the symmetry axis), is referred to as Saxis. Thus,




f ×S2axis = 0.111×S2axis. (3.29)
Using a selectively Val/Leu methyl-labeled α-spectrin SH3 sample, we recorded 1H-detected
REDOR spectra, using the pulse sequence depicted in Figure 3.31A. As can be seen in Figure
3.35A, a significant motional amplitude for the threefold methyl symmetry axis of Val23, Leu31
and Val46 was detected (Saxis was in the range of 0.11-0.26), while Val58 displayed a≈2-6 times
smaller squared order parameter (Saxis = 0.62). Similarly, the tensor asymmetry parameter η was
determined to be in the range of 0.6-0.84 for Val23, Leu31 and Val46, respectively, and equal to
0.2 for Val58. The small uncertainties (0.00-0.13) reveal the high quantitative significance of the
experimental η values. Hologne et al. [2005] determined the asymmetry of the methyl 2H tensor
by fitting 2H pake patterns of u-[2H,13C,15N] α-spectrin SH3, which yielded an η of 0.59±0.01
for Val23γ. The value matched the 1H,13C dipole tensor asymmetry determined here for the
selectively Val/Leu methyl-labeled α-spectrin SH3 sample (0.60±0.03).
By definition (equation 3.12, page 75), η > 0 indicates an anisotropic averaging of the dipole
tensor. In terms of methyl dynamics in the solid state, anisotropic averaging is mainly caused
by unequally populated rotameric jumps, which yield η > 0 [Schanda et al., 2011a]. Based on
86
3.4 Probing sub-µs motions via 1H,13C dipole tensor anisotropy and asymmetry
Figure 3.35: (A) 1H-detected REDOR dephasing curves for a selectively Val/Leu methyl-labeled α-spectrin SH3
sample (for sample details see Table 2.1, page 21) were recorded at an external magnetic field of 14.1 T (600 MHz),
using the pulse sequence in Figure 3.31A (page 78). The MAS frequency was set to 50 kHz, while the effective
temperature was adjusted to 20-25 ◦C. The ζ -delay was set to 4 µs. The signal-to-noise ratio for a 2D experiment
with a total experimental time of ≈1.4 h was 14:1 (obtained for Leu8δ2). Here, the order parameter, S2, is the
slow motion order parameter, S2axis, in equation 3.29 (page 86). The data was analyzed as described in section 3.4.2
(page 80). For valine residues, a simultaneous fit of both methyls, γ1 and γ2, was employed. Besides the dipolar
coupling anisotropy and the asymmetry, the rotameric populations, p1 and p2 = 1 p1, and the jump angle, ∆χ ,
were determined, assuming a two-site jump model. The cyan curve for Val23 was determined using the distribution
of the ∆χ1 dihedral angles from the MD simulation in (C). An effective dipole tensor was calculated by setting the
populations and the dihedral angles of the MD histograms equal to pi and γi in equation 3.30, respectively. (B) The
occurence of rotamers is illustrated using X-ray structures of α-spectrin SH3. The structures with the PDB ID 1U06
[Chevelkov et al., 2005c] and 2NUZ [Chevelkov et al., 2007b], respectively, were employed, which were determined
at 100 K (1.49 Å resolution) and 293 K (1.85 Å resolution). For all plots, the 1U06 structure was used, except
for Val23. Val23 showed rotamers in both structures with the same ∆χ1 angle (≈ 154◦), however, for the plot, the
2NUZ structure was employed. (C) Rotameric states were determined by a 91 ns MD simulation. The trajectory was
kindly provided by Yi Xue and Nikolai Skrynnikov (Purdue University, Purdue, West Lafayette) [Chevelkov et al.,
2007c, Xue et al., 2007]. Dihedral angles (∆χ1 for Val, ∆χ2 for Leu) were determined over the total trajectory of












. The population of the different rotamers were quantified by the area under
the respective curve, which is determined by the fitting factor a. In addition, the angular distribution was plotted in a
circle plot, in which the trajectory time runs from the origin outwards.
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this model, REDOR dephasing curves can be simulated, using an asymmetric dipole tensor. For
a n-site jump model, the asymmetric dipole tensor d̂jump is determined by the weighted sum of
n dipole tensors (equation 3.10, page 74), which are rotated along a threefold symmetry axis by










and the population of the ro-
tameric state, pi. The sum of the populations is equal to 1 (∑ pi = 1). Figure 3.36 shows
REDOR dephasing curves assuming a two- or three-site rotameric jump model. The curves
were determined by numerical simulations, using the tensor in equation 3.30. In the two-site
jump model, the oscillation frequency decreases, while increasing the population of the second
rotamer, which is twisted by 120◦. Furthermore, the oscillation becomes damped, hence, the
asymmetry η increases (η > 0). A similar trend was observed for a three-site jump model. For
this model, the angles were set to 60◦, -60◦ and 180◦. Changing the relative difference angle
between the rotameric states from 120◦ to 90◦ yields an asymmetric behaviour, too.
In principle, analytical expressions can be obtained to explicitly calculate the tensor asym-
metry η in dependency of the populations and the jump angle, especially for the simple case
of a two-site jump model [Schanda et al., 2011a]. However, for a larger number of rotamers,
analytical expressions become exceedingly complicated, particularly, if a normal angular distri-
bution is applied, which is a realistic presumption (vide infra). In this manner, we determined
the populations and jump angles for the methyl groups, depicted in Figure 3.35A, by numerical
simulations with GAMMA [Smith et al., 1994], assuming a two-site jump model. The exper-
imental dephasing curves were fitted employing the same procedure as before (section 3.4.2,
page 80).
The fitting to the two-site jump model revealed, that the rotameric population p1 for Val23,
Leu31 and Val46 was on average 52% (±12%). Only Val58 displayed a significantly smaller
population of 25% (±22%). The jump angle was very similar among the illustrated residues
(including Val58). The average angle was 99◦ (±19◦), which indicates a similar conformation
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for the rotamers, however, with different populations.
The rotameric states were also visible in the X-ray structures of α-spectrin SH3. Here, two
X-ray structures were employed, which have been determined at different temperatures. In
particular, the structures with the PDB IDs 1U06 (100 K, 1.49 Å resolution) [Chevelkov et al.,
2005c] and 2NUZ (293 K, 1.85 Å) [Chevelkov et al., 2007b] were used, respectively. The three-
dimensional structure of Val23, Leu31, Val46 and Val58 are illustrated in Figure 3.35B. The
first rotameric state was highlighted in blue and, if available, the second rotameric state in red.
Obviously, only Val23, Leu31 and Val46 display two rotameric states, while for Val58 only one
state was apparent by X-ray. The dihedral angles (∆χ1 for Val and ∆χ2 for Leu), to transform one
rotamer into the other, were between 154◦ and 166◦. Comparing the X-ray dihedral angles to
the jump-angles, which were determined by REDOR experiments (Figure 3.35A), indicates, that
the jump angles are 40◦-70◦ smaller than the X-ray dihedral angles. The employed jump-model
only assumes rotameric jumps along the threefold axis, however, librational motions of the same
are not considered. This way, some part of the motional amplitude of Saxis detected via REDOR
experiments is attributed to librational motions. This presumption is supported by the X-ray
structures (Figure 3.35B). In all three cases, the threefold axis for both rotamers were slightly
out of alignment, in particular for Leu31, which hints the existence of librational motions.
In principle, rotameric jumps are observable as well in Molecular Dynamics (MD) trajectories.
MD simulation has been used as a complementary tool to solution- and solid-state NMR to study
motional parameters [Chatfield et al., 1998, Best et al., 2005, Chevelkov et al., 2007c, Xue et al.,
2007, Xu et al., 2009, Chevelkov et al., 2010, Shaw et al., 2010]. Here, we employed a 91 ns MD
trajectory, provided by the Skrynnikov lab [Xue et al., 2007]. The goal of the MD simulation
was to determine dynamical information for crystalline, rather than soluble α-spectrin SH3.
Details on the setup of MD are given in the reference of Chevelkov et al. [2007c]. In brief, the
crystallographic unit cell was constructed with four α-spectrin SH3 molecules, using the 1U06
structure (determined at 100 K) [Chevelkov et al., 2007b] and the 2NUZ dimensions of the unit
cell (determined at 293 K) [Chevelkov et al., 2007b]. The periodic boundary condition was
modeled to recreate the crystal lattice and the respective crystal contacts. The trajectory was
calculated using the CHARMM software package [Brooks et al., 1983] and analyzed by trjtool,
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developed and kindly provided by Yi Xue and Nikolai Skrynnikov (Chevelkov et al. [2007c],
Xue et al. [2007]).
Figure 3.35C shows the analyzed trajectories for Val23, Leu31, Val46 and Val58. To deter-
mine rotameric states, the ∆χ1 (for Val) and ∆χ2 (for Leu) dihedral angles were determined and
plotted as histrograms. To improve the statistics, the data from all four α-spectrin SH3 molecules
in the simulated crystallographic unit were combined. Obviously, rotamers were determined for
all illustrated residues, interestingly also for Val58, which did not display a second rotamer in
the X-ray structure (Figure 3.35B). Fitting the distributions allows to quantify the population of
the rotameric states. Except for Val58, three different rotameric states were detected, however,
only two states were significantly populated (≥ 10%). The relative angular difference between
the rotameric states is 120◦, which corresponds to the minimum energy conformation to avoid
steric clashes.
If the rotation around the χ1 angle is the only acting motion for the Val methyl groups, then,
in principle, the experimental REDOR dephasing curves can be simulated considering only the
populations and the angles of the rotameric states, detected via the MD simulation. In this
manner, an effective dipole tensor was calculated, as described by equation 3.30 (page 88). The
values for γi and pi in equation 3.30 correspond to the rotameric angle and the relative frequency
in the histograms of Figure 3.35C, respectively. A REDOR dephasing curve was calculated for
Val23 and plotted in Figure 3.35A (in cyan). However, the simulated dephasing curve, based
on MD parameters, did not sufficiently fit the experimental data, even allowing a scaling of the
methyl 1H,13C rigid-limit value (-21794.4 Hz) and fitting towards a minimum RMSD. This
hints, that, besides rotameric jumps, other motions affect the 1H,13C dipole tensor and hence the
here determined order parameter, S2axis.
3.4.5 Val/Leu vs. RAP labeling
Methyl groups are valuable probes for structure and dynamics investigations of proteins and
possess favorable relaxation properties, such as short T1 and long T2 times in deuterated micro-
crystalline protein samples. An efficient labeling scheme for selective Ile-δ1 and Leu-δ1,2/Val-
γ1,2 methyl labeling was introduced for solution-state NMR [Gardner and Kay, 1997, Goto
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et al., 1999, Tugarinov and Kay, 2003, 2004a, Tugarinov et al., 2006]. Later on, the approach
was applied to microcrystalline proteins in the solid-state [Agarwal et al., 2008, Schanda et al.,
2011a, Huber et al., 2012], next to other methyl-selective labeling schemes [Agarwal et al., 2006,
Agarwal and Reif, 2008].
Here, we compared 1H,13C dipolar coupling anisotropies and asymmetries determined by a
selectively Val/Leu methyl-labeled α-spectrin SH3 versus a 5% RAP sample, respectively. As
described in the Materials and Methods (section 2.1.3, page 20), to yield a selectively Val/Leu
methyl-labeled α-spectrin SH3 sample, the protein expression was carried out in the presence
of α-ketoisovalerate. The sample, which is referred to as the 13CD2H sample, was uniformly
deuterated, except for one proton, attached to one of the Val (Leu) methyl carbons, which was
13C-labeled, while all other carbons remained at natural abundance. The 5% RAP sample was
expressed as described previously (section 2.1.3, page 20).
Shown in Figure 3.37A are 2D 1H,13C HMQC spectra of both α-spectrin SH3 samples. Since
the 5% RAP sample was uniformly 13C labeled, the evolution of 13C,13C scalar couplings com-
promises the resolution in the methyl region, except for methionine residues. In the 13CD2H
sample only one carbon was isotopically enriched, which improved the methyl resolution (red
spectrum).
However, the aliphatic scalar couplings can be decoupled using a constant-time HSQC exper-
iment (Figure 3.17A, page 55). As can be seen in Figure 3.37B, the application of a constant-
time sequence yielded the same resolution for a 5% RAP sample, as compared to a 13CD2H
sample. The 1H (13C) line widths were about 30 Hz (25 Hz) for both samples. In a constant-
time experiment, the t1 evolution period is not a function of T2 relaxation, which is beneficial for
mirror-image linear prediction [Zhu and Bax, 1990, Vandeven and Philippens, 1992]. Doubling
the indirect t1 evolution period by linear prediction yielded a further improvement of the 13C
resolution. The 13C line width amounted to 16 Hz, employing the 5% RAP sample.
REDOR dephasing curves were obtained, using the pulse sequence in Figure 3.31A (page 78).
As can be seen in Figure 3.38, the dephasing curves for both samples, 13CD2H and 5% RAP,
progressed very similarly. All curves were fitted, following the same procedure as before (sec-
tion 3.4.2, page 80). The fitted values were summarized as bar plots in Figure 3.39A. The linear
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correlation coefficients were 0.95 and 0.75 for the anisotropies and asymmetries, respectively,
which indicates, that both parameters are highly, correlated (Figure 3.39B).
It should be noted, however, that using RAP samples all methyl groups become accessible.
In this manner, REDOR dephasing curves and dipolar coupling tensors were also determined
for Alaβ, Ileγ2/δ1, Metε and Thrγ2, respectively (Figure 3.38). Ala11β displayed the largest
squared order parameter (S2 = 0.80) among all methyls.
For Ile30δ1 a very low order parameter was obtained (S2 = 0.27), while the dipolar coupling
asymmetry was significantly high (η = 0.60± 0.02). Interestingly, the dephasing curve could
not be fitted sufficiently by an asymmetric tensor. This hints, the presence of a more complex
motion on a slower timescale (µs). In principle, the dephasing curve could be fitted adequately
by assuming contributions from one or many additional dipolar coupling tensors, with different
anisotropies and asymmetries [Schanda et al., 2011a].
Furthermore, dipole parameters were obtained for the N-terminal residues Met1ε and Thr4γ2.
These residues were absent in the X-ray structures of α-spectrin SH3 due to dynamical disorder,
which is also indicated by very low squared order parameters of 0.00-0.01 (Figure 3.38 and
Table 7, page 224).
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Figure 3.38: 1H-detected REDOR dephasing curves, using a selectively Val/Leu methyl-labeled and a 5% RAP
labeled sample of α-spectrin SH3, respectively. The external magnetic field was 14.1 T (600 MHz) at an effective
temperature of 20-25 ◦C. The MAS frequency was set to 50 kHz and the ζ -delay to 4 µs (Figure 3.31A, page 78).
The methyl order parameter S2 (S2axis in equation 3.29, page 86) was determined as described in the figure caption
of Figure 3.33 (page 84). In the first two rows, the dephasing curves were fitted by simultaneously minimizing the
RMSD for both methyl sites (γ1/γ2 for Val and δ1/δ2 for Leu), which improved the fitting convergence.
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Figure 3.39: (A) Dipolar coupling anisotropies δaniso (top) and asymmetries η (bottom), using the selectively Val/Leu
methyl-labeled 13CD2H (black) and the 5% RAP sample of α-spectrin SH3 (red), respectively. All values were
determined by fitting REDOR dephasing curves (Figure 3.38). (B) The anisotropies and asymmetries of both samples
were linearly correlated, setting the slope to 1.0 and the y-intercept to 0.0. The correlation coefficient was 0.95 and
0.75 for δaniso and η , respectively.
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3.5 Determination of 13C aliphatic backbone and side chain T1
relaxation
Despite the close packing in globular proteins, substantial motions on the picosecond time scale
occur, which enable their functional activity [Levy et al., 1981a, Karplus and Petsko, 1990,
Henzler-Wildman et al., 2007]. NMR spectroscopy is particularly sensitive to ps-ns motions,
which can be probed by 15N and 13C T1 relaxation experiments [Kuhlmann et al., 1970, Aller-
hand et al., 1971, Kay et al., 1989, Mittermaier and Kay, 2006], respectively.
The relaxation rate R1(13C) = 1/T1(13C) (in the following, the same set of equations apply
for 1H,15N relaxation) [Kay et al., 1989, Chevelkov et al., 2009b] is related to the 1H,13C dipolar





















= γCB0∆σ . (3.33)
γH and γC are the gyromagnetic ratios for 1H and 13C, respectively. h̄ is the reduced Planck
constant and r3HC describes the
1H,13C distance. The average 1Hα,13Cα backbone distance is
1.11 Å (1.015 Å for backbone 1HN,15N) [Alkaraghouli and Koetzle, 1975, Yao et al., 2001,
2008b].
In this study, chemical shift anisotropies |∆σ | =
∣∣σ‖−σ⊥∣∣ of 20 ppm [Tjandra and Bax,
1997b] and 170 ppm [Wu et al., 1995, Chekmenev et al., 2004], respectively, were assumed

















































































































































































































































3.5 Determination of 13C aliphatic backbone and side chain T1 relaxation













(σxx +σyy) . (3.36)
However, Chemical Shift Anisotropy (CSA) relaxation contributes marginally to the backbone
13Cα T1 time, as illustrated in Figure 3.40A. With |∆σ |= 20 ppm, the contribution is <2%. Even
assuming an anisotropy up to 40 ppm, which was the largest value for GB1 [Wylie et al., 2011],
the contribution rises to 3-7%. Only anisotropies beyond 50-80 ppm significantly influence
13Cα T1 times (≥10%). Such large anisotropies are common for 15N backbone residues (|∆σ |=
170 ppm) with CSA contributions on the order of ≈30-50%.
As discussed by Torchia and Szabo [1982] and Giraud et al. [2005], due to the lack of molecu-
lar tumbling in the solid-state, the spectral density function Jm(ω) depends on the orientation of
a crystallite in a rotor-fixed coordinate axis frame and requires powder averaging and averaging
over the MAS rotation period. However, for high order parameters (S2 > 0.7) and internal cor-
relation times in the ps-ns range, powder and MAS averaging can be neglected (Jm(ω)≈ J(ω))
[Schanda et al., 2010] and the Model-Free Formalism (MFF) can be applied [Lipari and Szabo,
1982a,b, Clore et al., 1990b].
In general, the spectral density function, which determines the relaxation (equation 3.31), is






in which C(t) is the total autocorrelation function. In the MFF the assumption is made, that C(t)
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can be factored into two correlation functions, CO(t) and CI(t),
C(t) =CO(t)CI(t), (3.38)
since their motions are independent and separated by different time scales. Here, CO(t) describes





with τr as the rotational correlation time, while CI(t) describes the internal motion within the
reference frame of the macromolecule, respectively:





is the second Legendre polynomial and µ̂ the time-dependent unit vector,
describing the orientation of the interaction vector in a molecular-fixed reference frame. This
description applies to the major relaxation-inducing interactions, dipole-dipole, quadrupole and
CSA, respectively. If the motion is of Markovian nature, which is the case for diffusive and
jump-like motions, or in general for motions without memory, then the internal correlation func-




Since the exact number of exponential terms and their weightings in equation 3.41 are deter-
mined by a specific motional model, Lipari and Szabo [1982a] only deduced universal properties
of the internal correlation function CI(t) from equation 3.40, as its value at the time t = 0
CI(0) = 〈P2 (µ̂(0) · µ̂(0))〉= 1, (3.42)
which is determined by the scalar of the unit vector µ̂ (µ̂(0) · µ̂(0) = 1). It was shown, that,
however, the limiting value at t = ∞ is a model-independent measure of the spatial restriction or
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the motional amplitude
CI(∞) = S 2, (3.43)
with S as the general order parameter, which varies between 0 (entirely isotropic motion) and 1
(total motional restriction), respectively. To first approximation, the internal correlation function
in equation 3.41 can be expressed as a single exponential function


















in which CI(t) is described by equation 3.41. The limitations of the MFF in terms of describing
the spatial symmetry of the motion have been investigated over the past years and new general-
izations of the MFF were suggested [Meirovitch et al., 2003, 2010], which, however, suffer from
data overfitting [Frederick et al., 2008].
To take account of the time scale and amplitude of slow and fast motions, two correlation
times, τs and τ f , and two order parameters, Ss and S f , were introduced, respectively [Clore
et al., 1990b], latter are related to the generalized order parameter S by:








in which δ is the dipolar coupling anisotropy and δrigid the rigid-limit value determined for a
1Hα,13Cα (1HN,15N) distance of 1.11 Å (1.015 Å), respectively. In the solid-state, the order
parameter can be obtained by recoupling experiments, as discussed in section 3.4 (page 74).
If the time scale of the correlation times τs and τ f differ at least by one order of magnitude,
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the internal correlation function can be described by [Clore et al., 1990b]




















Since NMR spectroscopy operates in frequency units, the spectral density is calculated by em-






























For a molecule in solution the term, S2 τr1+(ωτr)2 , in equation 3.48 significantly shortens T1 times
in the solution-state, as compared to the solid-state (Figure 3.40B, page 98). The solid-state
spectral density function, which was employed for the analysis of backbone and side chain
motions, reduces to (τr→ ∞) [Chevelkov et al., 2009b]







13C methyl relaxation of a solvated molecule can be described by a simplified spectral density































The prefactor α reduces to 0.111 for tetrahedral geometry (θHCC = 109.5◦). In the solid-state










In the following, an experimental approach for the determination of T1 relaxation times in the
solid-state is presented.
3.5.1 Experimental determination of 13C T1 times
Experimental 13C T1 times were determined for a 25% RAP sample at 24 kHz MAS frequency,
using the pulse sequence shown in Figure 3.41A. The 1H Larmor frequency was 700 MHz
(16.4 T). To reduce cross-correlation effects, 1H and 15N (2H for experiments at an external
magnetic field of 11.7 T) π pulses were employed every 20 ms (∆ = 20 ms) throughout the 13C
recovery period [Kay et al., 1992, Palmer et al., 1992, Yamazaki et al., 1994b, Agarwal et al.,
2008]. However, 13Cα and 15N (2H) cross-correlation effects are marginal. CP was used for
magnetization transfer to yield an in-phase Sx operator (S = 13C). A series of 2D experiments
was recorded, varying the recovery delay from 0 s to 6 s. Peak volumes were determined by
integration, while the measuring uncertainty was set to two times the standard deviation of the
noise.
In Figure 3.42 the normalized magnetization decay of four 13Cα backbone resonances was
plotted as a function of the recovery time. The decay was fitted to a mono-exponential function
I(t)
I(0)
= ae−t/T1 . (3.56)
However, the decay curves of several residues, as depicted in Figure 3.42 for Ser19, Asn35
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and Lys39, respectively, significantly deviated from a mono-exponential behaviour. For these








had to be considered. Here, we employed a bi-exponential function, which could adequately fit
all decay curves (R2 ≥ 0.96).
Figure 3.41: 1H-detected pulse sequences for the determination of 13C T1 times, employing (A) CP or (B) refocussed
INEPT for magnetization transfer, respectively. The phase cycle was as follows: (A) φ1 = 4×(y, -y), 4×(x, -x), φ2
= 8×(x), 8×(y), φ3 = 4×(x), 4×(-x), 4×(y), 4×(-y), φ4 = 2×(y, y, -y, -y), 2×(x, x, -x, -x), φ5 = 8×(y), 8×(x), φ6 =
8×(-y), 8×(-x), φ7 = 8×(x), 8×(y), 8×(-x), 8×(-y), φ8 = 8×(x), 8×(y), φrec = (x, -x, -x, x), (-x, x, x, -x), (-y, y, y,
-y), (y, -y, -y, y), (-x, x, x, -x), (x, -x, -x, x), (y, -y, -y, y), (-y, y, y, -y). (B) φ1 = 2×(x), 2×(-x), φ2 = 4×(-y), 4×(y),
φ3 = (y, -y), φrec = (x, -x, -x, x), (-x, x, x, -x). Quadrature detection in ω1 was achieved using TPPI [Marion and
Wuthrich, 1983]. τ was set to 1/4JHC ≈ 1.92 ms and ∆ to 20 ms, respectively. The recovery delay was adjusted by
multiples of 2∆.
In principle, T1 times in the solid-state are orientation dependent, as pointed out in the sem-
inal study by Torchia and Szabo [1982]. During MAS, the autocorrelation function, which
determines relaxation, remains dependent on the Euler angles, θCM and φCM, which transform
the crystal-fixed (C) to the magic-axis (M) coordinate system, respectively. In this manner, the
relaxation function is not mono-exponential and a superposition of different T1 values is ob-
tained by recording a decay curve. However, the multi-exponential behaviour observed in the T1
decay curves of the 25% RAP sample was rather attributed to 13C,13C spin diffusion, as will be
shown in the following. Nevertheless, obtaining T1 from the initial slope of the relaxation func-
tion yields an orientation independent value, just as for solvated molecules [Torchia and Szabo,
1982].
To simulate 13C T1 relaxation under the influence of 13C,13C spin diffusion, we assumed a
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Figure 3.42: 13Cα backbone T1 decay curves of a 25% α-spectrin SH3 RAP sample at 16.4 T (700 MHz) and a MAS
frequency of 24 kHz using the pulse sequence in Figure 3.41A. The experimental error was set to twice the standard
deviation of the noise. All residues were normalized and fitted by a mono-exponential function BeT1,1/t (solid lines).
The T1 time from the mono-exponential fit is denoted for each plot. Several residues, as depicted for residues Ser19,
Asn35, Lys39, respectively, showed a decay with higher numbers of exponentials (dashed lines).
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in which the carbon magnetization [A] and [B] of the spins A and B, respectively, decay with the
autorelaxation rates ρA = 1/T1,A and ρB = 1/T1,B, while LA and LB describe the magnetization
of the “lattice”. To take account of spin diffusion, the spin diffusion rate σ was introduced. We










































As apparent from equation 3.60, the magnetization decay of spin A is bi-exponential for σ > 0.
For a numerical example, we assumed, that the initial magnetization of A0 = 1.0 and B0 = 0.0,
hence, spin A was totally polarized and spin B relaxed to its equilibrium state. The autorelaxation
rates were set to ρA = 0.1 s−1 and ρB = 0.2 s−1. As expected from the model, with σ = 0 s−1,
we obtained a mono-exponential decay (black circles) for [A](t)
[A](t) = e−0.1t . (3.63)
106
3.5 Determination of 13C aliphatic backbone and side chain T1 relaxation
The mono-exponential fit is indicated by the black solid line in Figure 3.43. However, setting
σ = 1 s1 yielded a bi-exponential decay (red triangles)
[A](t) = 0.48e2.15t +0.52e0.15t , (3.64)
which could not be fitted by a mono-exponential function, as illustrated in Figure 3.43 (red solid
line), only considering higher exponential terms (dashed red line).
Figure 3.43: Influence of 13C,13C spin diffusion on 13C T1 relaxation decay curves. As expected, setting the spin
diffusion rate constant σ to 0.0 s1 (black circles) yielded a mono-exponential decay (black solid line). However, a
spin diffusion rate of > 0 s1 (here σ = 1 s1) yielded a bi-exponential decay (red triangles), which could be fitted
assuming two exponentials (red dashed line), while mono-exponential fitting was not sufficient (red solid line). The
curves were calculated using the equation for spin A (equation 3.60, page 106) with A0 = 1.0, B0 = 0.0, ρA = 0.1 and
ρB = 0.2, respectively.
It should be noted, that fitting the bi-exponential decay by I(t)/I(0) = ∑2i=1 aie
t/T1,i did not
directly give rise to ρA = 1/T1,A and ρB = 1/T1,B, since the exponents of both of the exponentials
in the sum above are, in principle, a function of ρA, ρB and σ , respectively (cf. equations
3.61 and 3.62, page 106). Therefore, the independent determination of autorelaxation and spin
diffusion rates requires the assumption of a model, such as described by 3.58 (page 106). For
a more realistic treatment, generally, the spin diffusion between more than two spins has to be
considered, which introduces more fitting parameters, which may result in overfitting.
However, to minimize 13C,13C spin diffusion and render the T1 decay mono-exponential (in
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the limits of Torchia and Szabo [1982]), a 10% RAP sample was employed, which had been
expressed, using [u-2H, 2-13C]-glycerol and Na1H13CO3 as the carbon source [LeMaster and
Kushlan, 1996, Castellani et al., 2002], respectively. As determined by the bacterial metabolism,
roughly every second carbon was 13C labeled.
Considering the backbone (side chains are discussed in section 3.5.2, page 114), the carbon
in the α position was 13C labeled, while the carbonyl and the β carbon were 12C labeled and
therefore NMR inactive (Figure 3.44). The only exceptions were Ile and Val, which had been
isotopically labeled also in the β position (13Cβ). Furthermore, the backbone α carbon nuclei
of Arg, Gln, Glu, Leu and Pro residues have a very low probability of isotopically enrichment.
The probabilities determined by LeMaster and Kushlan [1996] and Castellani et al. [2002] for
thioredoxin and α-spectrin SH3, respectively, show small variations in terms of the probability
of 13C incorporation, which might be protein-specific. Systematic errors may have also arisen
due to different expression times for both proteins and different methods to quantify the level
of isotopical enrichment. For the quantification in the case of thioredoxin solution-state NMR
and GC-MS [Lemaster and Cronan, 1982, LeMaster and Kushlan, 1996] was employed, while
the quantification of α-spectrin SH3 is only based on J-coupling patterns from solution-state
NMR experiments [Castellani et al., 2002]. However, the estimated labeling patterns are very
similar from both studies and could be experimentally validated comparing the 1H,13C HMQC
2D spectra of a 25% RAP (Figure 3.26, page 68) and a 10% RAP-glycerol sample (Figure 3.27,
page 69), respectively.
In addition to sparsely labeling, fast MAS was employed, which had several reasons:
(i) As shown in Figure 3.8 (page 44) fast MAS (≥40 kHz) improves the resolution, due to av-
eraging of coherent contributions to the T2 decay [Lewandowski et al., 2011b], which effectively
increases the T2 time (Figure 3.7B, page 42).
(ii) The sensitivity improves as well at fast spinning, employing scalar coupling based mag-
netization transfers (Figure 3.7A, page 42). For this purpose, we employed a refocussed INEPT
transfer scheme for the determination of 13C T1 times. The pulse sequence is depicted in Figure
3.41B (page 104).
(iii) According to Kubo and Mcdowell [1988], Lange et al. [2003], the spin diffusion rate is
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Figure 3.44: The carbon labeling pattern yielded by employing [u-2H, 2-13C]-glycerol and Na1H13CO3 as the carbon
source during protein expression. The colors were mapped to the approximate probability of retrieving a 13C nucleus
at the specified position in the amino acid. Black spheres represent non-carbon nuclei. The figure was modified after
LeMaster and Kushlan [1996].
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a function of the inverse distance of the dipolar coupled spins (r−6i, j ), the isotropic chemical shift
difference of spin i and j and scales inversely with the magic-angle rotation frequency. Accord-
ingly, fast spinning decreases the spin diffusion rate and enables obtaining “real”, motionally
determined, T1 times, as can be seen for the case of σ = 0 s−1 (Figure 3.43, page 107).
(iv) It was recently shown by Fry et al. [2011], that the backbone 15N and 13C’ T1 times are
largely dependent on the MAS frequency. This effect is attributed to Chemical Shift Anisotropy
Enabled Spin Diffusion (CSD), which is largely unaffected by deuteration. It occurs especially
for uniformly labeled residues, in which relaxation sinks are coupled to nuclei with a large CSA.
For 15N (13C) it is predominantly the coupling between the backbone amide (13C’) and the
amine (methyl), acting as relaxation sinks. However, it was shown, that the CSD contribution
is strongly dependent on the MAS frequency, νr. At slow MAS frequencies, CSD has a large
influence on the T1 time, but exceeding twice the chemical shift separation of the involved spins,
νr > 2|νCSi −νCSj |, entirely quenches the CSD cross-relaxation effect. In principle, considering a
13C’ and a methyl spin pair at a 1H Larmor frequency of 850 MHz (500 MHz), νr has to be larger
than 60-70 kHz (36-42 kHz), respectively. We determined T1 times at both fields, 850 MHz and
500 MHz, while setting the MAS frequency to 50 kHz, which might be insufficient at the higher
field in terms of CSD suppression. It should be noted, that here, we were only considering
aliphatic carbons, which are less affected by CSD, due to a significantly smaller CSA and a
smaller chemical shift separation of the involved spins. In any case, as can be seen from the
labeling pattern of the here employed RAP-glycerol sample (Figure 3.44), the carbonyl nuclei
are unlabeled for almost all amino acids, except for Arg, Glu, Gln, Leu and Pro. On the other
hand, most of the methyl groups, which can act as relaxation sinks, were unlabeled, except
for Ileδ1, Metε and Thrγ2, respectively, which, however, lack isotopical enrichment of the
respective carbonyl. As an experimental validation, we determined the bulk T1 time from 1D
experiments as a function of the MAS frequency (Figure 3.45). The T1 time increases up to a
plateau around 45 kHz, which further confirms, that the T1 decay at a MAS frequency of 50 kHz
yields only motionally determined T1 times, while coherent effects are averaged.
Considering all aforementioned factors (vide supra), we recorded T1 decay curves for a 10%
RAP-glycerol sample of α-spectrin SH3 (grown on [u-2H, 2-13C]-glycerol and Na1H13CO3) at
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Figure 3.45: Bulk 13Cα T1 time as a function of the MAS frequency at an external magnetic field of 11.7 T
(500 MHz), using the 10% α-spectrin SH3 RAP-glycerol sample. The T1 time increases up to a plateau at 45 kHz
MAS. The effective sample temperature was kept constant at 20-25 ◦C. The error of the T1 times was determined
by 1,000 cycles of Monte Carlo simulations, using two times the standard deviation from the noise as the measuring
uncertainty. The bulk 13Cα T1 times were obtained by 1H-detected inversion recovery experiments, using the first
increment of the 2D pulse sequence, illustrated in Figure 3.41B (page 104).
a MAS frequency of 50 kHz, using the pulse sequence shown in Figure 3.41B. We employed
two external magnetic fields, 11.7 T (500 MHz) and 20.0 T (850 MHz), respectively. For com-
parison, the T1 decay curves of a 25% RAP and a 10% RAP-glycerol sample at 24 kHz spinning
and an external magnetic field of 16.4 T (700 MHz) were also determined and plotted in Figure
3.46.
Already at a MAS frequency of 24 kHz, a large difference in the T1 times between the uni-
formly 13C (25% RAP, black) and the sparsely 13C labeled (10% RAP-glycerol, blue) sample
was observed at 16.4 T (700 MHz). The T1 times were about a factor of three longer, employing
the RAP-glycerol sample, while all experimental settings (temperature, external magnetic field,
MAS frequency, pulse sequence) were equal for both experimental series. The bi-exponential
decay was most pronounced for Trp41 using the 25% RAP sample (cf. Figure 3.42, page 105).
However, using the 10% RAP-glycerol sample, yielded a mono-exponentially decaying curve
for the same residue (Trp41, Figure 3.46), indicating, that 13C,13C spin diffusion contributes
significantly to the T1 decay of the uniformly 13C labeled 25% RAP sample.
Increasing the MAS frequency to 50 kHz clearly increased the T1 times furthermore (red
curves in Figure 3.46). The experiment at 50 kHz spinning was carried out at 20.0 T (850 MHz).
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Figure 3.46: Comparison of 13Cα backbone T1 decay curves for a 25% RAP-glucose and a 10% RAP-glycerol
sample of α-spectrin SH3 (sample details are given in Table 2.1, page 21), determined at a MAS frequency of
24 kHz and 50 kHz, respectively. The experiments at 24 kHz and 50 kHz were carried out at a 1H Larmor frequency
of 700 MHz (16.4 T) and 850 MHz (20.0 T), using the pulse sequences in Figure 3.41A (700 MHz) and 3.41B
(850 MHz), respectively. The effective temperature in all experiments was adjusted to 20-25 ◦C. Clearly, significantly
longer T1 times were determined for the RAP-glycerol sample and at the higher MAS frequency.
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The difference to the 25% RAP sample at 24 kHz spinning was about an order of magnitude. As
supported by the T1 plateau, which was determined to be at 45 kHz spinning (Figure 3.45), it is
assumed, that the 13C T1 will not significantly change at spinning frequencies exceeding 50 kHz.
Figure 3.47: 13C,13C PDSD spectra of α-spectrin SH3 RAP-glucose and -glycerol samples as a function of the
MAS frequency. The effective temperature in all experiments was kept constant at ≈20-25 ◦C. The employed MAS
frequency, 1H Larmor frequency and the PDSD mixing time are given in the figure titles, respectively. The location
of the 1D slices along the indirect ω1 dimension is indicated by red horizontal lines in the 2D spectra. The cyan
horizontal line in the 1D slices depicts the lowest contour level employed for plotting the respective 2D spectra.
Experimentally, spin diffusion can be detected via Proton-Driven Spin Diffusion (PDSD)
spectra. To quantitatively determine the experimental level of spin diffusion, we recorded 2D
13C,13C PDSD experiments. Two PDSD spectra were acquired at an external magnetic field of
16.4 T (700 MHz) and a MAS frequency of 24 kHz, using a 25% RAP and 10% RAP-glycerol
sample of α-spectrin SH3, respectively. Apparently, at 24 kHz spinning, using the 25% RAP
sample (Figure 3.47A), proton-driven spin diffusion still enables magnetization transfers within
the spin systems, as can be seen by the buildup of numerous cross-peaks.
In principle, spin diffusion also acts during the inversion recovery delay 2n∆, employed in the
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13C T1 relaxation experiment (Figure 3.41, page 104). The recovery time was varied from 0 s
to 6 s. Here, significant spin diffusion was observed already at 2 s (Figure 3.47A), which sup-
ports the presumption of a secondary pathway for magnetization decay, besides autorelaxation,
observed in the T1 experiment of the 25% RAP sample (Figure 3.42, page 105).
The 2D PDSD spectrum of a sparsely 13C labeled 10% RAP-glycerol sample displayed a
largely reduced number of cross-peaks and, therefore, strongly suppressed spin diffusion (Figure
3.47B). The experimental parameters were the same as for the 25% RAP sample (Figure 3.47A).
In this manner, already at a moderate spinning frequency of 24 kHz, 13C,13C spin diffusion was
severely reduced and thereby, a mono-exponential T1 decay was observed for the 10% RAP-
glycerol sample (Figure 3.46, blue curves), due to the lack of magnetization leakage by spin
diffusion.
It should be noted, that 13Cβ,13C’ cross-peaks in Figure 3.47A-B were due to the matching
of the rotational resonance condition [Raleigh et al., 1988]. For this reason, 13Cβ T1 times,
obtained at 16.4 T (700 MHz) and 24 kHz MAS, were excluded from the analysis of side chain
relaxation (section 3.5.2, page 114).
At a MAS frequency of 50 kHz, spin diffusion was almost completely suppressed for a 15%
RAP sample (Figure 3.47C) and barely detectable for a 10% RAP-glycerol (Figure 3.47D) sam-
ple, respectively, even though the spin diffusion time was raised to 5 s. For the 15% RAP sample
(Figure 3.47C) still a few 13Cα,13C’ cross-peaks were detected, as well as cross-peaks within
the aliphatic region. This indicated, that 13C T1 times obtained by uniformly 13C labeled RAP-
glucose samples, might still be partially determined by spin diffusion. Accordingly, we picked
only the data of the 10% RAP-glycerol sample at 500 MHz and 850 MHz and 50 kHz spinning,
respectively, to determine backbone and side chain dynamics parameters. Side chain T1 values
are discussed in the next section (3.5.2).
3.5.2 Side chain 13C T1 times
The Reduced Adjoining Protonation (RAP) labeling scheme enables the detection of backbone,
as well as side chain resonances. Therefore, dynamics parameters, such as 13C T1 times, can be
obtained also for side chain moieties, using the same sample and spectra as employed for the
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determination of 13Cα backbone T1 times.
Side chain T1 decay curves are shown in Figure 3.48 for a 10% RAP-glycerol and a 15%
and 25% RAP-glucose sample of α-spectrin SH3, respectively. Methine, methylene and methyl
residues were divided into three rows. Thereby, methine and methylene residues displayed a
similarly strong MAS dependency as backbone residues (cf. Figure 3.46, page 112).
However, methyl 13C T1 times were largely independent of the MAS frequency and whether
uniformly or sparsely 13C labeling was employed. The small MAS dependency of methyls was
attributed to the reduced methyl dipolar coupling anisotropy (cf. equation 3.27, page 83), which
decreases the spin diffusion rate.
To proceed with the quantitative dynamics analysis of backbone and side chain T1 times, the
dataset of the 10% RAP-glycerol sample at 500 MHz and 850 MHz and at a rotation frequency
of 50 kHz was selected.
3.5.3 Determination of motional parameters using 13C and 15N relaxation data
Dynamics parameters can be obtained from T1 relaxation data due to the relation between the T1
time and motional correlation times and amplitudes, respectively. In the following, details about
the data analysis for the determination of 13C backbone and side chain motional parameters are
presented, as well as a combinatorial study of 15N and 13C backbone dynamics. Experimental or-
der parameters, as determined by recoupling experiments (section 3.4, page 74), were employed
as motional amplitudes.
3.5.3.1 Data analysis
The theoretical framework of T1 relaxation is given in the introduction (section 3.5, page 97).
The most essential equations will be given briefly in the following. The experimentally deter-







































































































































In principle, the dipolar part has to be scaled by the number of bound protons. Employing the
extended Model-Free Formalism (MFF), which accounts of internal motions on a fast and slow
time scale, respectively, the spectral density function for backbone and side chain nuclei in the
solid-state can be described by
















Here, the fitting parameters were Ss, τs and τ f , respectively, since S f was determined by the
experimentally obtained generalized order parameter S (section 3.4, page 74) as S f = S/Ss.
For the analysis of methyl resonances, a simplified spectral density function was employed













Here, only τ f was fitted, since S f was determined experimentally (section 3.4.5, page 91).
The fitting of the dynamics parameters Ss, τs and τ f for backbone and side chain resonances














Here, the index i runs over both 13C T1 parameter sets, obtained at the external magnetic fields of
11.7 T (500 MHz) and 20.0 T (850 MHz), respectively. A matrix of χ213C values was calculated,
117
3 Results
using the parameter space: S2s ∈ [S2,0.995] (step: 0.005), τs ∈ [0.001,599.751] (step: 0.25) [ns],
τ f ∈ [0.001,19.999] (step: 0.002) [ns]. The optimal parameter set of Ss, τs and τ f (only τ f for
methyls) was obtained at the global minimum of the χ213C matrix. To estimate the parameter
errors, Monte Carlo simulations were performed (cf. section 3.4.2, page 80), employing the
squared uncertainty of the experimental values, (δT1)2 and (δS2)2, as the variance for generating
a normal distribution around the best fit values, T1,best and S2best, respectively.
The 1H,15N backbone dynamics of α-spectrin SH3 was studied earlier by Chevelkov et al.
[Chevelkov, 2007, Chevelkov et al., 2009b]. The same set of equations, 3.65 and 3.66, apply to
T1 relaxation of 15N backbone nuclei. For obtaining 15N backbone dynamics parameters, 1H,15N
dipole-dipole / 15N CSA cross-correlated relaxation rates, ηDD/CSA, were employed [Chevelkov











is the second Legendre polynomial and θ the angle between the
1H,15N bond vector and the principal axis of the nearly axially symmetric 15N CSA shielding
tensor. θ was set to 20◦. Experimental T1 and ηDD/CSA values, adapted from Chevelkov et al.
[Chevelkov, 2007, Chevelkov et al., 2009b], were available from an external magnetic field of
14.09 T (600 MHz) and 21.14 T (900 MHz) for T1 and 14.09 T (600 MHz) for ηDD/CSA, respec-
tively. Here, we calculated the dynamics parameters (S2s , τs, τ f ), and, additionally, estimated
error margins (via Monte Carlo simulations), which have not been obtained, so far. To take






















The generalized 1H,15N backbone order parameter, S, was available from cross polarization
phase-inverted (CPPI) experiments [Chevelkov et al., 2009a].
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3.5.3.2 13C and 15N dynamics parameters
13C and 15N motional parameters were quantified within the extended Model-Free Formalism
(MFF), using relaxation data. Experimental backbone 13Cα T1 times, determined at two ex-
ternal magnetic fields, 11.7 T (500 MHz) and 20.0 T (850 MHz), respectively, were fitted by
optimization of Ss, τs and τ f , as described in the previous section (section 3.5.3.1, page 115).
Prior to the analysis of the fitted dynamics parameters, experimental and back-calculated 13Cα
T1 times were linearly correlated, to determine, how well the relaxation data can be reproduced
by the MFF. The linear correlation of 13Cα T1 at both fields is shown in Figure 3.49A-B. Blue
crosses indicate the best fit value at the global minimum of the χ213C minimization grid, while
empty black circles depict the average value over an ensemble of 500 Monte Carlo simulations.
As hinted by the high correlation coefficient of experimental and back-calculated 13Cα T1 times
(R2 ≥ 0.85, Figure 3.49A-B), the MFF sufficiently describes the present data. Here, Glu22,
Thr24 and Pro54 were excluded from the analysis, because the exceptionally high experimental
uncertainty of their T1 times in either one of the employed datasets, accumulated to a large error
bar for the back-calculated T1 time.
Similarly, 15N backbone T1 times and ηDD/CSA rates were fitted to dynamics parameters within
the framework of the MFF (Figure 3.50A-C). T1 times obtained at an external magnetic field of
14.09 T (600 MHz) and 21.14 T (900 MHz) were employed, as well as ηDD/CSA measured at
14.09 T (600 MHz). The 15N backbone data was adapted from Chevelkov et al. [Chevelkov
et al., 2007a, Chevelkov, 2007, Chevelkov et al., 2009a,b]. The linear correlation coefficient of
experimental and back-calculated values was just as high, R2 ≥ 0.98.
In the following, for all 13C χ2 plots, 1H,13C order parameter were employed, which had been
obtained, using the 10% RAP-glycerol sample (Figure 3.34, page 85). Due to the improved
resolution, as compared to uniformly 13C labeled RAP samples (cf. Figure 3.26, page 68, Fig-
ure 3.27, page 69), additional, non-overlapping backbone resonances were available, which im-
proved the total statistics. However, due to the limited sampling of the REDOR dephasing curves
of about 1 ms and the availability of only one dataset (only one ζ -delay) for the RAP-glycerol
sample, order parameters obtained for the 15% RAP-glucose sample were used for the ultimate
quantification of dynamics parameters (Figure 3.55, page 128). Dipolar order parameters deter-
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Figure 3.49: Model validation of 13Cα T1 relaxation data by linearly correlating experimental and back-calculated
13Cα backbone T1 times of α-spectrin SH3, employing the framework of the Model-Free Formalism (MFF). The
13Cα T1 values were fitted by a χ2 minimization (equation 3.68, page 117) using 13C T1 times from two external
magnetic fields, 11.7 T (500 MHz, A) and 20.0 T (850 MHz, B), respectively, and experimentally obtained 1Hα,13Cα
backbone order parameter (section 3.4.3, page 83). The best fit value at the global minimum of the χ213C minimization
grid is indicated by a blue cross for each residue. The uncertainties of the back-calculated parameters were estimated
by an ensemble of 500 Monte Carlo simulations, using the squared uncertainty of the experimental values as the
variance for generating a normal distribution around the best fit values. The averages of the back-calculated Monte
Carlo values are depicted as empty circles (black) and the standard deviation is given by error bars (red). As expected,
the error bars for the experimental and back-calculated values were about equal. The correlation coefficient for
the best fit value and the Monte Carlo average was ≥ 0.995 and ≥ 0.848 (excluding Glu22, Thr24 and Pro54),
respectively.
Figure 3.50: Model validation of 15N relaxation data by linearly correlating experimental and back-calculated 15N
backbone T1 times and ηDD/CSA rates of α-spectrin SH3, employing the framework of the MFF. 15N T1 (A-B) and
ηDD/CSA rates (C), adapted from Chevelkov et al. [Chevelkov et al., 2007a, Chevelkov, 2007, Chevelkov et al.,
2009a,b], were fitted using equation 3.70. Here, the linear correlation coefficient for the best fit value and the Monte
Carlo average was ≥ 0.983 and ≥ 0.979, respectively.
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mined for the 15% RAP sample displayed a higher accuracy and precision as a result of higher
spectral sensitivity and an improved fitting convergence, using two complementary datasets (two
ζ -delays, details are given in section 3.4.2, page 80).
Representative plots of χ2 as a function of Ss, τs and τ f for 13Cα nuclei are shown in Figure
3.51. The fast and slow correlation times, τ f and τs, ranged from picoseconds to a few nanosec-
onds and from tens to hundreds of nanoseconds, respectively. As required by the MFF, the time
scales were separated by at least one order of magnitude. The squared order parameter for slow
motions, S2s , was greater or equal to 0.87. However, the fit did not converge in all cases, as can
be seen for Lys39 and Asp40, respectively. Particularly for these residues, the τ f values were ex-
ceptionally long and ranged into the low-nanosecond regime. In total, the fitting only converged
for 10 out of 25 residues (40%).
On the other hand, the 15N backbone resonances displayed an improved fitting profile (Figure
3.52). Here, 22 out of 32 residues converged (69%). This improvement was attributed to the
addition of orthogonal data by the cross-correlated relaxation rates. Leaving out this additional
relaxation data, gives rise to a similar convergence profile as for the 13C data [Chevelkov et al.,
2009b].
However, while fitting the 15N data and exploiting the benefit of adding cross-correlated re-
laxation rates, still≈30% of the resonances could not be fitted reliably. We investigated the pos-
sibility of performing a simultaneous fit of 13Cα and 15N relaxation data, to improve the overall
fitting convergence of backbone relaxation data. As demonstrated by others, using solution-state
NMR and MD simulations as complementary techniques to study protein dynamics [Chatfield
et al., 1998, Zhu et al., 1998, Guenneugues et al., 1999, Idiyatullin et al., 2003], the motional
time scale and amplitudes of 1Hα,13Cα and 1HN,15N bond vectors were determined to be very
similar, which is also supported by the present data, comparing 13Cα and 15N backbone order
parameters (cf. Figure 4.4A-B, page 175).
In this regard, we back-calculated backbone 13Cα T1 times, using Ss, τs and τ f , respectively,
derived only from 15N relaxation data. As can be seen in Figure 3.53, experimental and back-
calculated T1 times were approximately linearly correlated, hinting the similarity of 13Cα and





































































































































































































































































data points are required. Here, only eight resonances were employed, of which three were non-
converging, since the intersection of simultaneously available 13Cα and 15N backbone data for
the same residue was rather limited.
Figure 3.53: Linear correlation of experimental and back-calculated 13C T1 times, employing the dynamics parame-
ters, obtained from 15N relaxation data. Here, the best fit values of all employed parameters were used, while the error
for the 15N dynamics parameters Ss, τs, τ f was adapted from Figure 3.55 (page 128). Constraining the y-intercept of
the linear function to zero, yielded a slope of 1.057. The dashed line depicts the ideal correlation with a slope equal
to one. The red and cyan colored labels depict the converging and non-converging residues, based on their χ2 profile
using only 15N relaxation data.
To probe the influence of 13Cα data on the convergence profile of 15N backbone residues,
which displayed a non-converging χ2 minimization profile, we fitted 15N backbone data simul-




































χ2 minimization profiles, combining 15N and 13Cα relaxation data, are shown in Figure 3.54.
The left, middle and right column represent minimization profiles, employing only 15N backbone
relaxation data (15N T1 and ηDD/CSA), 15N and 13Cα T1 or 15N, 13Cα T1 and 1Hα,13Cα S2 order
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parameters, respectively.
For validation of this combinatorial approach, a “negative control” was established. In this
manner, a resonance, which already converges, using only 15N relaxation data, was fitted si-
multaneously to the joint data from 15N and 13Cα, respectively. Therefore, for a validation of
this approach, within the formerly mentioned statistical limitations of the data (vide supra), no
significant changes of the dynamics parameters were acceptable, while adding 13Cα to 15N re-
laxation data, respectively. The only approvable impact on the fitting was an equal or, ideally,
steeper convergence around the χ2 minimum.
Here, Tyr15 was employed as a “negative control” in Figure 3.54. As can be seen, following
the plots for Tyr15 in the first row of Figure 3.54, Ss, τs and τ f were about the same in all
plots, however, the convergence profile was improved. The approach was also validated for
further “negative controls”, as for Lys27 and Gly51, which also displayed similar or enhanced
convergence profiles, while the extracted dynamics parameters were the same with or without
addition of 13Cα relaxation data, respectively.
Therefore, we proceeded with non-converging 15N backbone resonances, as illustrated in Fig-
ure 3.54 for Ser19, Trp41 and Ala56. For all residues, a significantly improved convergence
profile was gained by addition of 13Cα relaxation data, comparing the left and right column,
respectively. Even though 1HN,15N and 1Hα,13Cα backbone order parameters were similar
(cf. Figure 4.4A-B, page 175), a higher fitting performance was obtained by employing the
experimentally determined 1Hα,13Cα (right column), instead of the 1HN,15N (middle column)
backbone order parameter. It should be noted, that only the accuracy for the fitted dynamics pa-
rameters was improved by addition of 13Cα relaxation data, however, the precision was reduced
by introduction of additional measuring uncertainties.
The quantification of motional parameters using 13Cα and 15N relaxation data is given in
Figure 3.55. Here, the amplitudes (A) and correlation times of slow (B) and fast motions (C)
were determined within the Model-Free Formalism (MFF). To estimate the uncertainties of the
parameters, 500 Monte Carlo simulations were carried out. The average values are depicted as
empty circles (black) and the standard deviation of the ensemble is shown by error bars (red).
The best fit values are illustrated as crosses (blue).
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Figure 3.54: Determination of motional parameters via simultaneous χ2 minimization of backbone 15N and 13Cα
relaxation data, respectively. For the minimization profiles represented in the left column only 15N T1 (at two external
magnetic fields) and ηDD/CSA data was employed (details given in the caption of Figure 3.52). For obtaining the plots
in the middle column, 15N T1 and ηDD/CSA were supplemented with 13Cα T1 data (at two magnetic fields, details
given in the caption of Figure 3.51), but using the 1HN,15N S2 value, in place of the 1Hα,13Cα order parameter. In
the right column, all experimentally available data was employed, in particular, 15N T1 and ηDD/CSA values, as well
as 13Cα T1 times with 1Hα,13Cα order parameters (using the 10% RAP-glycerol dataset, cf. Figure 3.34, page 85).
The fitting was performed by minimization of equation 3.71 (page 124).
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Analog trends were determined for 13Cα- and 15N-derived backbone order parameters (Fig-
ure 3.55A). One prominent difference was observed for Thr32 in the β2 strand. The 13C data
indicated a high order parameter (S2 = 0.87±0.06, cf. Figure 4.4, page 175), while the 15N data
displayed a lower parameter (S2 = 0.78± 0.09), however, with a larger error bar. In the same
way, similar slow and fast motional correlation times were observed, but on average 15N back-
bone resonances displayed shorter correlation times on both time scales. This is also observed
in MD simulations [Guenneugues et al., 1999, Idiyatullin et al., 2003]. In total, the protein dy-
namics determined by 13Cα or 15N backbone resonances, respectively, reflected very similar
amplitudes and time scales of motions.
Besides backbone, the RAP labeling enables the access to side chain resonances as well.
Therefore, a χ2 minimization was carried out using 13C side chain T1 times from two external
magnetic fields (11.7 T and 20.0 T). For methine and methylene residues the same spectral
density function was employed, as for the backbone (equation 3.66, page 117), while for methyl
resonances a simplified function was used (equation 3.67, page 117).
Representative χ2 minimization profiles are shown in Figure 3.56. Just as for backbone res-
onances, the side chain relaxation data did not converge for all resonances and only allowed for
an approximate estimation of the motional parameters Ss, τs and τ f , respectively. Here, 14 out
of 30 residues converged (47%). Since only one parameter (τ f ) was employed for fitting the
methyl resonances, a one-dimensional minimization was performed, yielding ideal convergence
due to the lack of degeneracy, as in the case of three-dimensional fitting of backbone, methine
and methylene data, respectively.
Methine, methylene and methyl contour plots are illustrated in the first, second and third row
of Figure 3.56, respectively. In general, the motional correlation times and order parameters
decrease, moving from methine to methyl resonances. This trend was expected, as longer side
chains typically posses smaller rotational energy barriers [Lipari and Szabo, 1982b, Keniry et al.,
1984, Best et al., 2004].
To improve the fitting convergence of the side chain residues, complementary relaxation data
from 2H can be added [Batchelder et al., 1982, 1983, Muhandiram et al., 1995, Millet et al.,
2002, Skrynnikov et al., 2002, Hologne et al., 2005, Reif et al., 2006, Xue et al., 2007, Sheppard
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Figure 3.55: Motional parameters for the backbone of α-spectrin SH3, determined within the framework of the
Model-Free Formalism (MFF), using 13Cα (left column) and 15N (right column) relaxation data. (A-C) The squared
generalized (S2) and slow motion order parameters (S2s ), as well as fast (τ f ) and slow (τs) motional correlation times
were plotted as a function of the residue number. The best fit and the Monte Carlo average (n = 500) are depicted by
blue crosses and black, empty circles, respectively. The secondary structure elements are indicated by gray bars.
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et al., 2009, Vugmeyster et al., 2009, 2010]. However, in the solid-state, so far, only 2H lineshape
analysis and T1 experiments have been carried out for deuterated methyl groups of α-spectrin
SH3 [Hologne et al., 2005, Reif et al., 2006]. The same set of experiments could be employed
for side chains, as well as for 2Hα,13Cα backbone residues of α-spectrin SH3. In principle,
the experiments can be carried out using the 10% RAP-glycerol or 15% RAP-glucose sample,
as aliphatic sites are estimated to be 90-95% and 84-90% deuterated, respectively, based on
previous isotopic quantifications (Table 3.2, page 38).
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Figure 3.56: 13C side chain dynamics parameters determined by a χ2 minimization, using 1H,13C order parameters
and 13C T1 times, obtained at two external magnetic fields, 11.7 T (500 MHz) and 20.0 T (850 MHz), respectively,
using equation 3.68 (page 117). For fitting of methine and methylene resonances, the same spectral density function
was employed, as for the 13Cα backbone (equation 3.66, page 117). For methyl residues the spectral density function
described by equation 3.67 (page 117) was used. However, for methylene and methyl residues one and two additional
dipolar relaxation terms were employed (cf. equation 3.65, page 117), respectively, to account for relaxation mediated
by the dipolar coupling between 13C and 2H. The 2H,13C bond length was set to 1.0948 Å [Mirkin and Krimm, 2009]
and 1.115 Å [Ishima et al., 2001] for methylene and methyl resonances, respectively.
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3.6 Investigation of amyloid fibrils using the RAP labeling scheme
In the previous sections, we employed α-spectrin SH3 as a model system to establish the Re-
duced Adjoining Protonation (RAP) labeling scheme. So far, as described in the previous
sections, experimental approaches were developed for structural and dynamical investigations,
as well as for resonance assignment. Here, we applied the RAP labeling to amyloid fibrils,
formed by the Alzheimer’s disease Aβ1-40 peptide. Amyloid fibrils are found in the brains of
Alzheimer’s and Parkinson’s disease patients, as well as in the pancreas of type 2 diabetes pa-
tients [Sipe, 1992, Sacchettini and Kelly, 2002, Tycko, 2006]. Here, we show initial results
obtained for RAP labeled Aβ1-40 fibrils.
To achieve maximal resolution, highly proton diluted RAP samples of Aβ1-40 were prepared,
in combination with seeding of the fibrillization process, according to the protocol given in the
Materials and Methods section 2.2 (page 24). We expressed Aβ1-40 on a M9 medium containing
5% H2O and 95% D2O, respectively. Using the purified Aβ1-40 monomers, fibrils were grown,
as recently proposed by Dasari [2011] and del Amo et al. [2012]. In total, two fibril samples
were prepared, in the following, referred to as sample S1 and S2, respectively. Both were pre-
pared under the same conditions, however S2 was prepared using 75 mM Cu(II)EDTA in the
fibrillization buffer during fibril growth. The obtained S2 fibrils were afterwards washed two
times with a PBS buffer containing 40% deuterated glycerol.
In Figure 3.57A, 13C 1D spectra of an uniformly protonated Aβ1-40 sample (top), and the S1
(middle) and S2 (bottom) 5% RAP samples are represented, respectively. The 1D spectra of
all preparations, fully and partially protonated, superimposed well, indicating similar fibrillar
structures.
We obtained 13C, as well as 1H bulk T1 times, for both 5% Aβ1-40 RAP samples (Figure
3.57B-C). The average 1H (13C) T1 time was 1.6 s (11.7 s) and 0.5 s (2.4 s), employing the S1
and S2 samples, respectively. In total, the T1 time was reduced by a factor of 3-5, using the S2




Figure 3.57: (A) 13C 1D spectra of Aβ1-40 fibrils. Here, an uniformly protonated (top spectrum, recorded at a MAS
frequency of 13 kHz and 700 MHz, kindly provided by Dr. Juan Miguel Lopéz del Amo, TU München) and two 5%
RAP labeled samples, S1 (middle, 20 kHz MAS, 700 MHz) and S2 (bottom, 19 kHz MAS, 600 MHz), respectively,
were employed. The top spectrum was extracted from a 2D PDSD experiment, using 50 ms 13C,13C mixing. The S1
and S2 spectra were obtained by 13C-excitation and direct 13C-acquisition. The fibril samples were prepared from
the 12th generation of seeds (details given in Materials and Methods, page 24). The fibrils in the S2 sample were
grown in a buffer containing 75 mM Cu(II)EDTA and washed two times with a PBS buffer containing 40% (v/v)
uniformly deuterated glycerol. The red asterisk depicts spinning sidebands (top), spectrometer artifacts (middle) and
glycerol peaks (bottom spectrum). (B-C) The bulk 13C and 1H T1 times were obtained for both Aβ1-40 samples. The
1D plots were color-coded by the respective T1 times.
Due to the limited resolution in 1D spectroscopy, 13C,13C 2D spectra were recorded, em-
ploying the S1 (Figure 3.58A) and S2 (B) Aβ1-40 samples, respectively. Adiabatic RFDR was
used for homonuclear mixing, setting the mixing time to 9.4-9.9 ms. Both spectra (in red) were
13C-excited and compared to a 1H-excited PDSD spectrum of a protonated u-[13C,15N] labeled
Aβ1-40 sample at 50 ms mixing (in black). The spectra were superimposed, while maximizing
the overlap of the 13Cβ,13Cα dimensions. In (A-B) the side chain region of the S1 and S2 sam-
ple displayed a 2H-induced isotope chemical shift offset with respect to the PDSD spectrum of
the uniformly protonated sample. The 2H isotope shift amounts to -0.3 ppm per bound deuteron
[Gardner et al., 1997]. Accordingly, the largest chemical shift offsets were obtained for methyl
resonances, as 13CD3 is the predominant isotopomer in a 5% RAP sample (cf. Figure 3.21A,
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page 61).
The spectrum of the S1 5% Aβ1-40 RAP sample showed a high degree of similarity in com-
parison to the uniformly protonated fibrils (Figure 3.58A). For example, in the Ala 13Cβ,13Cα
region, we found a similar pattern as observed previously [del Amo et al., 2012], indicating an
asymmetric dimer structure (discussed in section 4.1.3, page 168).
The S2 Aβ1-40 sample, which was grown in the presence of 75 mM Cu(II)EDTA and washed
with a 40% glycerol buffer, however, showed slight differences in comparison to the uniformly
protonated fibril sample (Figure 3.58B). These differences were particularly pronounced for the
alanine residues. Here, Ala21 and Ala30 displayed a rather different chemical shift pattern, even
though the same seeds were employed as for the S1 sample.
We recorded 1H,13C HMQC 2D spectra of the S1 and S2 5% Aβ1-40 RAP samples, as shown
in Figure 3.59. The full spectra of the fibrils in (A) display the typical aliphatic pattern, as
determined for microcrystalline α-spectrin SH3 (cf. Figure 3.6, page 41), however, with lower
resolution. The 1H line width was about 130 Hz. The lower resolution might be a result of
residual heterogeneity and conformational exchange.
The enlarged side chain region in (B) shows that 1Hβ,13Cβ resonances are well dispersed,
which is a prerequisite for a complete assignment, however, significant differences were ob-
serverd, comparing the S1 and S2 sample, respectively. The differences were most pronounced
in the methyl region in (C).
For further characterization of the 5% RAP labeled Aβ1-40 fibrils in terms of dynamics,
1H,13C correlation spectra were compared, using either INEPT or CP magnetization transfers
(Figure 3.60A). The results are discussed in section 4.1.3 (page 168). Furthermore, the 1H,13C
HMQC spectrum of the fibrils was compared to a 1H,13C HSQC solution-state NMR spectrum














































































































































































3.6 Investigation of amyloid fibrils using the RAP labeling scheme
Figure 3.59: 1H,13C HMQC 2D spectra of Aβ1-40 fibrils, using the S1 (left) and S2 (right) sample, respectively.
The full spectrum (A) is represented enlarged in (B) and (C), displaying the side chain and methyl region. The S1
(S2) spectrum was recorded at an external magnetic field of 700 MHz (600 MHz) and a MAS frequency of 20 kHz
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3.7 Protein-RNA interfaces probed by 1H-detected MAS solid-state
NMR spectroscopy
Herein we suggest an approach to characterize protein-RNA interfaces, which is based on 1H-
detected Magic Angle Spinning (MAS) solid-state NMR experiments, using protonated and
deuterated samples. We applied this approach to study the protein-RNA interaction of the ar-
chaeal L7Ae protein (≈13.4 kDa) from Pyrococcus furiosus (PF) with a 26-mer box C/D RNA
(≈8.6 kDa), represented in Figure 3.61. With regard to the relatively small size of the complex
of about 22 kDa, investigation by solution-state NMR is particularly advantageous in terms of
sensitivity and resolution, respectively, as compared to solid-state NMR. However, the fully
assembled sRNP complex exceeds the molecular weight limit, imposed by molecular tumbling,
which is currently the limitation in solution-state NMR applications. Solid-state NMR is not
subject to size limitations. Therefore, as a test case, we chose this small model system from
PF to establish solid-state NMR methods, which later on can be applied to the fully assembled
complex.
So far, the crystal structure only of a homolog complex from Archaeoglobus fulgidus (AF)
was solved by X-ray diffraction (PDB: 1RLG) [Moore et al., 2004]. The here studied L7Ae-box
C/D RNA complex from PF could not be crystallized [Jehle et al., 2010a]. The only available
X-ray structure from PF consists of the three RNP core proteins, L7Ae, Nop56/58 and fibrillarin,
co-crystallized with a half-mer box C/D RNA and a substrate RNA (PDB: 3NMU) [Xue et al.,
2010]. In Figure 3.62A we virtually truncated the box C/D RNA sequences from both species
to the same size to allow for direct structural comparison of the L7Ae-box C/D RNA complex
in both organisms, AF and PF, respectively. We observed a high structural homology for both
complexes. Minimizing the RMSD over all nitrogen nuclei yielded an overall RMSD of 0.70 Å
(Figure 3.62A). Therefore, in the following, we used the available X-ray structure from AF as a
model for the here studied L7Ae-box C/D complex of PF.
For the solid-state NMR studies, two differently labeled L7Ae-box C/D RNA complexes were
prepared. In both cases, the protein was uniformly deuterated and isotopically 15N enriched. The
RNA was either synthesized from uniformly 1H,13C,15N or 2H,13C,15N labeled nucleotides. The
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respective samples are referred to as the 1H- and 2H-RNA sample, respectively. In both samples,
labile protons were back-exchanged to a level of about 10%.
Figure 3.61: Crystal structure of the L7Ae-box C/D RNA complex from Archaeoglobus fulgidus (AF) (PDB: 1RLG).
In this study, the homologous L7Ae from Pyrococcus furiosus (PF) in complex with the illustrated 26-mer box C/D
RNA from the same organism was investigated. The box C/D elements are highlighted in red, the protein residues
at the interaction sites are shown in cyan (Gly35, Thr36, Asp58, Val94, Ala97, Ser98). β-sheets and loops of L7Ae
are in gold, helices in marine blue. Reproduced with kind permission from Asami, S., et al., Angew. Chem. Int. Ed.
2013, 52 (8), pp 2345-2349. Copyright 2013 Wiley-VCH Verlag GmbH Co. KGaA. DOI: 10.1002/anie.201208024.
3.7.1 13C- and 15N-detected spectra of the L7Ae-box C/D RNA complex
For a characterization of the 1H- and 2H-RNA sample of the L7Ae-box C/D complex from PF,
we initially recorded 13C- and 15N-detected 1D spectra. These experiments allowed to rapidly
verify the isotopic labeling of both biomolecules, to estimate the sample amount in the rotor, as
well as the homogeneity. The L7Ae protein was uniformly 15N-labeled, while the 26-mer box
C/D RNA was uniformly 15N- and 13C-labeled, respectively. By this means, only RNA signals
were expected in 13C-detected 1D spectra, whereas we expected RNA, as well as protein signals,
in 15N-detected spectra.
In Figure 3.63 the average chemical shift distribution from the BMRB RNA database was plot-
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Figure 3.62: Comparison of L7Ae-box C/D RNA complex from Archaeoglobus fulgidus (AF) (PDB: 1RLG) and
Pyrococcus furiosus (PF) (PDB: 3NMU) and the respective distances from every protein backbone 1HN to the closest
RNA 1HC nucleus. (A) The crystal structures of the two species were aligned by minimizing the RMSD over all
nitrogen nuclei. The complex from AF (PF) is colored in blue (red) and the respective box C/D RNA elements
are colored in cyan (orange). The alignment revealed a high structural similarity, yielding an overall RMSD of
0.70 Å. In (B-D) the closest 1HN,1HC distance from the protein backbone to the RNA is shown as a function of the
protein primary sequence. The experimentally determined values and the color-coding of the bars are as in Figure
3.69A. As expected from the high structural similarity, similar distances were obtained for (B) PF and (C) AF,
respectively. Throughout this study, the crystal structure of AF was employed as the model structure. (D) To take
crystal contacts into account, molecules in the symmetry-related unit cell (within 5 Å) of the AF-complex (PDB:
1RLG) were constructed and included for distance calculations. The protein-RNA interface remained unperturbed,
the major differences clustered at the N- and C-terminus. Ala48 was chosen as the reference peak for normalizing
the intensities prior to the calculation of the I[1H]/I[2H] ratio. Protein/RNA interactions could be excluded for this
residue. Reproduced with kind permission from Asami, S., et al., Angew. Chem. Int. Ed. 2013, 52 (8), pp 2345-2349.
Copyright 2013 Wiley-VCH Verlag GmbH Co. KGaA. DOI: 10.1002/anie.201208024.
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ted on top of the experimental 13C- (left column) and 15N-detected (right column) 1D spectra,
employing the 1H- and 2H-RNA sample, respectively. The 1D spectra revealed a high structural
homogeneity for both precipitated complexes. However, the sensitivity was significantly higher
for the 1H-RNA sample, since the sample amount was≈5 times higher and furthermore, protons
were employed for CP magnetization transfer, which were less abundant in the 2H-RNA sam-
ple. The protons in the 2H-RNA sample were essentially located at the exchangeable sites and
originated from the back-exchange with the proton reservoir in the buffer (10%/90% H2O/D2O
composition). Generally, with regard to the applied isotopic labeling, all expected spectral win-
dows were detected.
3.7.2 Homonuclear 13C,13C 2D spectra and T1 relaxation of the 1H-RNA sample
For further characterization, 2D 13C,13C correlation experiments were performed, employing
the 1H-RNA sample, which was assembled, using the uniformly protonated box C/D RNA. An
adiabatic RFDR sequence was used for homonuclear 13C,13C mixing [Leppert et al., 2003]. The
mixing time was set to 19.8 ms. As shown in Figure 3.64A, the 1H-RNA sample displayed a
very high resolution for the entire spectrum. We detected numerous correlations within the bases
and the sugars (Figure 3.64A-B), as well as many long-range contacts between the ribose and
base resonances (Figure 3.64C), which enable the identification of spin systems as an initial step
for RNA assignment.
However, the 2D 13C,13C RFDR spectrum (Figure 3.64) showed an asymmetric distribution of
peak volumes, comparing both sides of the diagonal, in particular for the RNA bases. This was
attributed to (1) different initial magnetizations, M0i , directly after the cross polarization (CP)
step, as well as to (2) considerably different T1 relaxation times for dipolar coupled nuclei Si and
S j, respectively.
The first aspect becomes apparent by considering the proton distribution in RNA molecules
(Figure 3.63, structures on the right). For example, the C5 nucleus in a purine bases (adenine,
guanine) has no directly bonded proton, unlike C8. Therefore, during the 1H,13C CP magnetiza-
tion transfer step, the magnetization buildup for C5 is reduced, hence M0C5 is small, as compared
to the magnetization M0C8 of C8. Here, the same
13C,13C RFDR mixing scheme was employed
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Figure 3.63: 13C- and 15N-detected 1D plots of the L7Ae-box C/D complex, employing the 1H- and 2H-RNA sample,
respectively. The average chemical shift distribution for the RNA bases were plotted on top (values obtained from
the BMRB database). For the 1H-RNA (2H-RNA) sample the CP contact times were 600 µs (3000 µs) and 1200 µs
(800 µs) for the 13C- and 15N-detected spectrum, respectively. During acquisition, ≈86 kHz SPINAL64 [Fung
et al., 2000] (2-3 kHz WALTZ-16 [Shaka et al., 1983]) decoupling was employed. The spectra were recorded at an
external magnetic field of 16.4 T (700 MHz 1H Larmor frequency), except the 13C-spectrum of the 2H-RNA sample,
which was recorded at 14.1 T (600 MHz). The expected chemical shift range with regard to the utilized isotopic
labeling schemes, was experimentally observed for both biomolecules. To guide the eye, the nomenclature of the
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as for α-spectrin SH3, as shown in Figure 3.19 (page 59), but in a SH3 RAP sample, the proton
concentration was almost isotropic for the different aliphatic sites (Table 3.2, page 38).
Figure 3.65: (A) 13C and (B) 1H inversion recovery experiments of the 1H-RNA sample. The 13C (1H) experiment
was acquired at an external field of 14.1 T (9.4 T). The MAS frequency was adjusted to 20 kHz and the effective
temperature to≈0–3 ◦C. For the 13C inversion recovery experiment, direct excitation was employed, in this manner, a
π pulse was applied on 13C, right after the recycle delay. For the 1H experiment, 1H,13C CP was employed, applying
also a 1H π pulse after the recycle delay, prior to the CP transfer block. The 1D plots on the right are color-coded by
the respective T1 times for the bulk 13C and 1H resonances, respectively. The 13C bulk T1 times were two orders of
magnitudes larger, than the 1H T1 times.
To examine the second aspect concerning different T1 relaxation times, we recorded an in-
version recovery experiment to determine bulk 13C T1 times. In Figure 3.65A, the progression
of the bulk 13C magnetization is shown, as a function of the inversion recovery time, which
was varied from 0 s to 55 s. The 13C T1 times for the sugar moieties were almost 2-3× shorter
than the base T1 times, respectively, but they were all on the timescale of several seconds, while
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the 13C,13C RFDR mixing was on the order of milliseconds. Therefore, T1 relaxation was not
playing a major role during the 13C,13C RFDR mixing period. In total, the asymmetry of the
13C,13C 2D (Figure 3.64) is essentially attributed to the anisotropic occurence of protons in the
RNA (vide supra). We expect a more symmetric spectrum employing longer CP contact times
or 13C excitation.
We also determined the bulk 1H T1 times, as shown in Figure 3.65B. Apparently, 1H T1 times
were more isotropically distributed due to the strong 1H,1H dipolar coupling network. The T1
times are on the order of several hundreds of milliseconds and almost two orders of magnitude
shorter than 13C T1 times (Figure 3.65A). From an experimental point of view, 1H-excited ex-
periments are more efficient in terms of sensitivity, since a higher signal-to-noise ratio per unit
time can be achieved.
3.7.3 Optimization of homonuclear 13C,13C mixing
To obtain the optimal homonuclear mixing scheme for RNA molecules, we compared PDSD
[Szeverenyi et al., 1982] and adiabatic RFDR spectra [Leppert et al., 2003]. Due to the bene-
ficial relaxation properties (Figure 3.65), we employed 1H-excitation for all following experi-
ments. The PDSD experiment relies on 13C,13C magnetization transfer, which is promoted by
1H,1H spin diffusion. RFDR mixing relies on the direct dipolar recoupling of 13C,13C nuclei by
application of rotor-synchronized π pulses during MAS. Unlike PDSD, which requires a dipo-
lar coupled proton bath, RFDR mixing can also be applied to deuterated samples [Huang et al.,
2011b], as demonstrated for α-spectrin SH3 (cf. Figure 3.19, page 59).
We recorded PDSD spectra for the 1H-RNA sample, using homonuclear mixing times of
400 ms, 1000 ms and 2000 ms (Figure 3.66A-C), respectively, and detected several long-range
contacts between RNA ribose and bases. Long-range contacts are most relevant for the assign-
ment of spin systems and for the determination of tertiary structure informations.
The RFDR spectra are shown in Figure 3.66D-E, using 19.8 ms and 22.5 ms mixing, respec-
tively. A high number of long-range contacts was detected, many more as compared to the
superimposed PDSD spectrum with 2000 ms mixing time (Figure 3.66E).
We also recorded a rotor-asynchronized adiabatic RFDR spectrum, which shows exclusively
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chemical shift correlations via scalar couplings and allowed to differentiate between through
space and bond correlations (Figure 3.66F, red) [Baldus and Meier, 1996, Leppert et al., 2004].
These types of spectra can support the RNA assignment procedure, since every cross peak orig-
inates from bonded carbons. A RNA assignment approach is presented in section 3.7.8 (page
157).
3.7.4 1H-detected 1H,15N correlation spectra of the protein-RNA complex in the
solid-state
In 1H-detected 1H,15N correlation experiments at moderate MAS frequencies in the range of
15-20 kHz all expected resonances from the protein and the RNA were detected (Figure 3.67A),
using CP transfers. In protein-RNA complexes, the spectral windows for protein and RNA
resonances do not significantly overlap [Furtig et al., 2003]. The imino and amino spectral
regions can in principle contain resonances of histidine and arginine sidechains, respectively
(one histidine and four arginine residues were found in the primary sequence of L7Ae).
The average 1H (15N) line width for the protein was on the order of ≈100 Hz (≈60 Hz),
whereas the line widths for the amino and imino resonances amounted to ≈150 Hz (≈140 Hz)
and ≈300 Hz (≈160 Hz), respectively. In addition, we also recorded a scalar transfer based
1H,15N HSQC spectrum, to probe the flexible regions of the complex (Figure 3.67A, spectrum in
orange). However, only protein resonances were detected in this experiment. RNA resonances
were beyond detection. The differential line widths for the protein and the RNA resonances
might be a result of chemical exchange, local dynamics, or structural heterogeneity resulting
from crystal imperfections.
Superposition of the solid-state with a solution-state spectrum revealed a high structural sim-
ilarity, with a comparable resolution in both states (Figure 3.67B). For the solution-state ex-
periment, a protein-RNA complex was employed with u-[1H,15N] labeled L7Ae protein and
unlabeled box C/D RNA, respectively.
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Figure 3.66: 13C,13C correlation spectra of the L7Ae-box C/D RNA complex, using the 1H-RNA sample and setting
the MAS frequency to 20 kHz. We employed ≈80 kHz 1H SPINAL64 [Fung et al., 2000] decoupling during the
indirect and direct 13C evolution periods. In (A-C) PDSD spectra were plotted with a homonuclear mixing time of
400 ms, 1000 ms and 2000 ms, respectively. The external magnetic field was 16.4 T (700 MHz 1H Larmor frequency)
and the effective temperature ≈17 ◦C. The 1H,13C CP contact time was 600 µs. (D-E) shows rotor-synchronized
adiabatic 13C,13C RFDR spectra, using 19.8 ms and 22.5 ms mixing times, respectively. The spectra were measured
at an external field of 14.1 T (600 MHz) and an effective sample temperature of ≈7 ◦C. The CP contact time was
1000 µs. In (E) the RFDR spectrum (black) was superimposed by the PDSD spectrum (red) with 2000 ms mixing
time, shown in (C). For (E) the CP contact time was prolonged to 3000 µs. In (F) two 13C,13C adiabatic RFDR
spectra were superimposed. For the spectrum in black and red a dipolar (tmix =11.7 ms) [Leppert et al., 2003] and
scalar (tmix =11.52 ms) [Leppert et al., 2004] adiabatic mixing scheme was employed, respectively. The spectra were
recorded at an external magnetic field of 14.1 T (600 MHz) and the CP contact time was set to 1000 µs.
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Figure 3.67: (A) 1H-detected 1H,15N correlation spectrum of the precipitated L7Ae-box C/D RNA complex from
PF, employing a 2H-RNA sample. Here, the chemical shift distribution (from the diamagnetic BMRB data set) was
plotted along the chemical shift axes, showing the different, non-overlapping spectral windows of RNA and protein.
Clearly, the characteristic protein and RNA spectral patterns were observed. The processing was optimized for each
region, to account for different natural line widths of the biomolecules. The spectrum was recorded at an external
magnetic field of 16.4 T (700 MHz), 20 kHz MAS frequency, and an effective temperature of ≈27 ◦C. The imino
region showed enhanced sensitivity and resolution at lower temperatures. Therefore, this region was extracted from
a spectrum at ≈0 ◦C, 15 kHz rotation frequency, and an external field of 14.1 T (600 MHz). The spectral regions
for the nucleobases, as expected from the average chemical shift in the BMRB database, are indicated (blue labels).
Additionally, a 1H,15N HSQC spectrum was recorded (1/2JNH = 4.34 ms) and superimposed (orange spectrum). (B)
Protein region of the 1H-RNA sample with tentative assignments transferred from solution-state NMR (solution-state
spectrum shown in red). Ser98 and Val63 (indicated by asterisks) were folded. Reproduced with kind permission from
Asami, S., et al., Angew. Chem. Int. Ed. 2013, 52 (8), pp 2345-2349. Copyright 2013 Wiley-VCH Verlag GmbH Co.
KGaA. DOI: 10.1002/anie.201208024.
3.7.5 Probing the protein-RNA interface
Herein we suggest an experimental strategy for the identification of the protein-RNA interface.
The method is based on the fact, that in the 1H-RNA sample, protein regions in close proximity
to RNA protons show reduced signal intensities due to dipole-mediated line broadening. As
illustrated in Figure 3.68, amide protein moieties, which are distant from RNA protons (>6 Å),
show similar signal intensities for both, the 1H- and 2H-RNA samples (I[1H]/I[2H] ≈ 1), re-
spectively. On the other hand, protein amide resonances at the interface yield a smaller intensity
in the 1H-RNA sample, therefore, I[1H]/I[2H] < 1. Since the absolute intensities are also
dependent on the amount of the sample, we normalized the intensities for both samples, prior
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Figure 3.68: Approach for the identification of protein-RNA interfaces, employing protonated and deuterated RNA,
respectively. At the protein-RNA interface, the intensity ratio, I[1H]/I[2H], of the 1H- and 2H-RNA sample, is less
than one, since protein amides in the 1H-RNA sample are broadened by the dipolar coupling to non-exchangeable
RNA protons, therefore I[1H] < I[2H] and I[1H]/I[2H] < 1 (left side of the curve). For protein amides, which are
distant from RNA protons, both intensities are similar, hence, I[1H]/I[2H]≈ 1 (curve plateau).
to calculating the I[1H]/I[2H] ratio. For that purpose, we employed Ala48, which was highly
resolved (Figure 3.67B) and quite distant from the nearest RNA 1HC proton (14.7 Å). Crystal
contacts were taken into account (Figure 3.62D, page 139). Only protein 1HN backbone to RNA
1HC contacts were considered, since exchangeable protons were back-exchanged to 10% and, to
first approximation, 1HN,1HN dipole interactions can be neglected.
In Figure 3.69A the smallest distance between a protein backbone 1HN proton and a RNA 1HC
proton was plotted as a function of the protein residue number. The distances were extracted
from the AF crystal structure (PDB: 1RLG), which can be used as a model owing to its high
homology (Figure 3.62A, page 139). The minima in the distance plot (Figure 3.69A) indicate
protein residues at the protein-RNA interface, in particular Gly35, Thr36, Asp58, Val94, Ala97
and Ser98.
The proximity of protein residues to the RNA can be obtained experimentally by the compar-
ison of the normalized intensities of the 1H- and the 2H-RNA samples. The same contour levels
were employed for each set of cross peaks to allow for comparison (Figure 3.69B). For example,
the intensities of Gly35, Thr36 and Ala97 were significantly attenuated in the 1H-RNA sample,
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since these residues were close to non-exchangeable 1HC RNA protons (within 3.6-4.3 Å), un-
like Thr29 and Ser82, which were far apart (>11 Å).
Figure 3.69: (A) Distance between protein backbone 1HN proton and the closest RNA 1HC proton as a function
of the protein primary sequence. Calculated distances were based on the crystal structure of the L7Ae-box C/D
RNA complex from AF (PDB: 1RLG; protons were added using WHAT IF [Vriend, 1990]). Missing bars were
due to proline residues. Experimentally determined distances were plotted as empty circles. (B) 1H,15N correlation
plots, employing the 1H- (left) and 2H-RNA (right) samples, respectively. Absolute intensities were normalized
using Ala48. The illustrated residues (Thr29, Gly35, Thr36, Ser82, Ala97) were highlighted by red bars in (A). As
expected, the protein residues, which were in close proximity to the RNA (Gly35, Thr36, Ala97), showed a reduced
intensity in the 1H-RNA sample. Reproduced with kind permission from Asami, S., et al., Angew. Chem. Int. Ed.
2013, 52 (8), pp 2345-2349. Copyright 2013 Wiley-VCH Verlag GmbH Co. KGaA. DOI: 10.1002/anie.201208024.
3.7.6 Determination of quantitative distance and angle restraints for protein-RNA
interfaces
To quantitatively describe the experimental I[1H]/I[2H] intensity ratios, we carried out spin
simulations, employing the SIMPSON software package [Bak et al., 2000]. To construct an
adequate spin system, we considered a spin geometry consisting of four nuclei, resembling the
protein 1HN,15N nuclei and the RNA 1HC,13C nuclei (Figure 3.70), respectively. Since the signal
attenuation in the 1H,15N correlation of the protein in close proximity to the RNA is induced by
dipole-mediated line broadening, the simulated I[1H]/I[2H] ratio was expected to be dependent
on the distance, as well as on the orientation of all considered dipoles. Therefore, we introduced
two angles, β1 and β2, to allow sampling of all orientations of the 1HN,15N and 1HC,13C dipole
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tensors with respect to each other. Besides the β1 and β2 angles, the only other variable was the
1HN,1HC distance. All other dipolar couplings and orientations were calculated accordingly.
As expected, we found that the simulated I[1H]/I[2H] ratios depend on the relative orientation
of the two dipole-dipole vectors. This dependency decreases with increasing distance. Further-
more, the simulation revealed an up to fourfold degeneracy in the angular space (Figure 3.70).
To reduce the degeneracy, we determined the β1 and β2 angle distribution for the L7Ae-box
C/D RNA complex as well as for two additional protein-RNA complexes and used their com-
mon angle interval for constraining the angular space during the fitting procedure (Figure 3.71).
The simulated data matrix, I[1H]/I[2H], as a function of the 1HN,1HC distance, β1 and β2 is
represented in Figure 3.72A.
The fit of the experimental data did not assume a prior knowledge of the structure of the
system. For the fitting of the experimentally determined I[1H]/I[2H] intensity ratios, first the
peak volumes were determined by integration, employing in-house Python scripts using the I/O
routines of nmrglue v0.2 [Helmus and Jaroniec, 2013]. The error of the peak volume was set
to two times the noise RMSD. The noise level was determined individually for every peak by
averaging over 1,000 equally sized random boxes in the noise region of the spectrum. A grid of
simulated data was created, using the interval [0◦,180◦] (5◦ steps) for β1, [0◦,355◦] (5◦ steps)
for β2, and [2.5 Å, 102.9 Å] for the 1HN,1HC distance r2 (nomenclature given in Figure 3.70,
page 151). The peak height for the 1HN resonance was determined and stored into the matrix
IH(β1,β2,r2) and ID(β1,β2,r2), employing the 1H- or 2H-RNA spin system, respectively. The
ratio matrix R(β1,β2,r2) was calculated by IH(β1,β2,r2)/ID(β1,β2,r2). As can be seen in Figure
3.70, the contour plots show an up to four fold degeneracy for the β1 / β2 angle space.
We quantified the occurrence of β1 and β2 for different protein-RNA complexes (Figure 3.71).
In the analysis, protein 1HN and RNA 1HC pairs only within 6 Å were considered. We found,
that the β2 angle adopts values in the range [70◦,100◦], whereas the full range of values was
found for β1. To reduce the degeneracy and improve the fitting, we thus constrained the angular
space to two times the standard deviation from each expectation value.
As a first attempt, we assumed a linear arrangement of the 1HN,15N and 1HC,13C dipole ten-
sors, which yielded a poor correlation (Figure 3.72B, cyan). However, introducing the angles β1
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Figure 3.70: Numerical simulation of the illustrated four-spin system using SIMPSON [Bak et al., 2000]. The
respective tensor magnitudes and orientations were calculated as a function of the 1H1,1H2 distance r2 and the angles
β1 and β2. All possible dipolar couplings were taken into account, as well as the spatial orientation of the planar
spin system, which was defined only by the β Euler angle (Ω = (0,β ,0)). The isotropic chemical shift values were
set according to the average shift found in the BMRB. The chemical shift anisotropies (asymmetries) in [ppm] for
1H2, 13C, 1H1, 15N were as follows: -4.55 (0.9) [Aravamudhan et al., 1979], -118.5 (0.9) [Stueber and Grant, 2002],
7.67 (0.65) [Wu et al., 1995], 170 (0.2) [Bak et al., 2002, Schanda et al., 2010]. The 1H Larmor frequency was set to
700 MHz and the MAS frequency to 20 kHz. Here, only the 1H1 resonance was detected and the FID apodized with
a line broadening of 5 Hz. After Fourier transformation, the peak height for 1H1 was extracted. For simulating the
spin system of the 2H-RNA sample, the 1H2 proton was replaced by a deuteron (CQ/2π = 150 kHz). In the contour
plots, the intensity ratio I[1H]/I[2H] was plotted as a function of the angles β1 and β2 for three different 1H1,1H2
distances (2.50 Å, 4.77 Å and 6.02 Å). The ratios were normalized with respect to the maximal value obtained at
r2→∞. Reproduced with kind permission from Asami, S., et al., Angew. Chem. Int. Ed. 2013, 52 (8), pp 2345-2349.
Copyright 2013 Wiley-VCH Verlag GmbH Co. KGaA. DOI: 10.1002/anie.201208024.
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Figure 3.71: Distribution of angles β1 and β2 for different protein-RNA complexes. Here, (180◦β1) corresponds to
∠(N,H1,H2) and (180◦β2) to ∠(C,H2,H1), respectively, as illustrated in Figure 3.70. The coordinate of the carbon
nucleus C was replaced by its projection onto the N,H1,H2 plane. The employed protein-RNA complexes were the
L7Ae-box C/D RNA complex from A. fulgidus (PDB: 1RLG) [Moore et al., 2004], the Cse3-RNA complex from
T. thermophilus (PDB: 2Y8Y) [Sashital et al., 2011] and the Dbp5-RNA complex from S. cerevisiae (PDB: 3PEY)
[Montpetit et al., 2011], respectively. Assuming a normal distribution for 1RLG, 2Y8Y and 3PEY, the following
expectation values/standard deviations for β1 (β2) were extracted: 43/21 (86/7), 63/44 (84/6) and 64/47 (88/7) [◦].
Reproduced with kind permission from Asami, S., et al., Angew. Chem. Int. Ed. 2013, 52 (8), pp 2345-2349.
Copyright 2013 Wiley-VCH Verlag GmbH Co. KGaA. DOI: 10.1002/anie.201208024.
and β2, improved the correlation significantly (Figure 3.72B, black). As expected, restricting the
β2 angular space resulted in smaller errors; however, it did not significantly change the absolute
determined distances (Figure 3.72B, red). The determined parameters are summarized in Table
3.4 and the obtained distances were plotted in Figure 3.69A, together with the distances from
the crystal structure. The estimated distances and angles were within the error margins. For
the experiments, we used only about 2 mg of the 2H-RNA sample. Obviously, a higher fitting
accuracy can be achieved by increasing the experimental sensitivity for the two samples.
It should be noted, that the proton density of RNA is naturally much lower than that of a
protein. Here, the low proton density simplified the determination of structural parameters,
since, to first approximation, every protein 1HN was in proximity to only very few RNA 1HC
protons.
3.7.7 Detection of site-resolved protein-RNA contacts by long-range transfers
Since protein and RNA offer non-overlapping spectral regions, we were able to obtain protein-
RNA contacts via long-range 1H,13C CP transfers in 13C-detected 2D 1H,13C HETCOR ex-
periments, employing the 2H-RNA sample. Here, we used the 2H-RNA sample, since in a
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Table 3.4: Summary of determined distances and angles for residues at the protein-RNA interface of the L7Ae-box
C/D complex, based on the combined application of the 1H- and 2H-RNA sample, respectively. Here, the β2 angle
was constrained to the interval [70◦,100◦] (Figure 3.71, page 152). Reproduced with kind permission from Asami, S.,
et al., Angew. Chem. Int. Ed. 2013, 52 (8), pp 2345-2349. Copyright 2013 Wiley-VCH Verlag GmbH Co. KGaA.
DOI: 10.1002/anie.201208024.
Protein residue Exp. ratio[a] dcryst (dexp) [Å][b] β1cryst(β1exp) [◦][c] β2cryst(β2exp) [◦][d]
Gly35 0.47 ± 0.02 4.32 138 89
(4.53 ± 0.14) (93 ± 16) (86 ± 7)
Thr36 0.30 ± 0.03 3.59 56 90
(3.83 ± 0.17) (94 ± 23) (85 ± 6)
Asp58 0.60 ± 0.06 4.59 48 95
(5.08 ± 0.30) (90 ± 21) (87 ± 4)
Val94 0.80 ± 0.13 5.32 65 32
(6.11 ± 0.81) (24 ± 43) (88 ± 7)
Ala97 0.58 ± 0.04 4.05 91 88
(4.97 ± 0.21) (95 ± 2) (85 ± 1)
Ser98 0.65 ± 0.02 5.64 60 85
(5.28 ± 0.17) (62 ± 14) (72 ± 6)
[a] Experimental intensity ratios I[1H]/I[2H]. Intensities from the 1H- and 2H-RNA sample were normalized using the peak volume
of Ala48. [b] Protein 1HN to RNA 1HC distances determined from the X-ray structure and experimentally. [c] β1 and [d] β2 angles,
obtained from the crystal structure and the fitting.
deuterated sample dipolar truncation is significantly reduced, which enables the determination
of long-range contacts, as shown in the following.
For the HETCOR experiment, a 1H evolution period was introduced, prior to the 1H,13C
CP transfer block. During the 1H evolution period, 2-3 kHz WALTZ-16 [Shaka et al., 1983]
decoupling was employed on the 13C and 15N channels, respectively. During the 13C acquisition,
1H was decoupled, using the same settings. The pulse sequence was similiar to the sequence
shown in Figure 3.23B (page 65), omitting the RFDR mixing period.
To optimize the 1H,13C CP transfer, we determined the magnetization buildup for the RNA
ribose and the bases as a function of the CP contact time. We recorded a series of 1D spectra,
varying the CP contact time from 1 ms to 10 ms (Figure 3.73A). From the extracted intensities,
we could determine the contact times for the maximal CP transfer (Figure 3.73B). The maximum
was achieved at 6.3 ms and 8.1 ms for the ribose and the bases, respectively.
Finally, the combination of a 1H,15N and a 1H,13C spectrum enabled the determination of
protein-RNA contacts, as illustrated for Ala97 (Figure 3.74). We detected a contact between
Ala97 and C5’ from the RNA ribose. The 1HN,13C5’ distance in the crystal structure (PDB:
1RLG) was ≈4.9 Å, therefore the 1H,13C dipolar coupling anisotropy was about 250 Hz (cf.
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Figure 3.73: Optimization of the 1H,13C cross polarization (CP) contact time for the L7Ae-box C/D complex, using
the 2H-RNA sample. The CP buildup was recorded as a function of the contact time at an external magnetic field of
14.1 T (600 MHz), adjusting the MAS frequency to 15 kHz. The effective sample temperature was ≈0 ◦C. The 13C
rf field strength during CP was set to 50 kHz, while the 1H rf field strength was ramped linearly (100-75%) around
the n = 1 Hartmann-Hahn matching condition. The 1H rf field strength at the center of the linear ramp (87.5%) was
experimentally optimized to 67 kHz. With a recycle delay of 3 s, 512 FIDs were accumulated. (A) 1D spectra were
acquired with contact times varying from 1 ms to 10 ms (1 ms steps). (B) The bulk intensity for the ribose and the
base region was normalized by the intensity of the first experimental point at a contact time of 1 ms, respectively.
The intensity maximum for the ribose (bases) was 6.3 ms (8.1 ms).
equation 3.9, page 74). For an efficient long-range transfer, long 1H,13C CP contact times were
necessary, as also indicated in Figure 3.73.
In Figure 3.74 the red 1H,13C HETCOR spectrum was recorded with a CP time of 4 ms, the
black with 10 ms, respectively. The Ala97-C5’ contact was only visible with the longer contact
time, which was expected, due to the small dipolar coupling anisotropy between both nuclei.
Additionally, long-range contacts between the imino protons and 13C nuclei of the RNA bases
were detected. Since the sample amount of the 2H-RNA sample employed here was limited to
only 2 mg, we expect more non-trivial, long-range correlations, using a higher sample amount.
This approach is an alternative to the method presented in section 3.7.5 (page 147) and assists,
to identify the protein-RNA interface. The advantage here is, that, at the same time, interacting
protein, as well as RNA resonances can be identified. However, 1H,13C HETCOR experiments
suffer from low sensitivity, due to 13C detection.
With a higher sample amount and the employment of 1H-detection, the experiment could be
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Figure 3.74: Determination of site-resolved protein-RNA contacts by comparison of 2D 1H-detected 1H,15N (top)
and 13C-detected 1H,13C HETCOR (bottom) spectra, using the 2H-RNA sample. The acquisition parameters for the
1H,15N spectrum were as in Figure 3.67A. The 1H,13C HETCOR spectrum was recorded at an external magnetic
field of 14.1 T (600 MHz). For the black (red) spectrum the MAS frequency was adjusted to 15 kHz (20 kHz), the
effective temperature was set to≈0 ◦C (12 ◦C) and the 1H,13C CP contact time to 10 ms (4 ms). Gray stripes indicate
tentative assignments, based on the combination of both spectra and average chemical shift values (BMRB database).
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extended to a 3D or even 4D experiment by addition of a 15N evolution period and a 13C,13C
mixing and 13C evolution period, to allow an unambiguous correlation of interacting protein and
RNA nuclei, respectively.
3.7.8 RNA assignment approach
For the assignment of protein resonances in the solid-state, routinely NCOCX/NCACX experi-
ments are employed. However, for RNA molecules, these experiments are insufficient to perform
sequential resonance assignment, due to the structural arrangement of the RNA [Riedel et al.,
2005]. The nucleosides are connected by NMR-inactive oxygen nuclei, which hamper through-
bond correlation experiments (cf. Figure 3.63, page 141). Isotopic enrichment with NMR-active
17O nuclei is unfeasible considering the expenses. That way, only long-range, through-space
magnetization transfers can be employed, to establish a sequential RNA assignment.
Figure 3.75: Numerical simulation of an adiabatic RFDR mixing sequence [Leppert et al., 2003], employing the spin
system (six spins) displayed on the left. The simulations were performed with SIMPSON [Bak et al., 2000]. The
external magnetic field was 14.1 T (600 MHz 1H Larmor frequency) and the MAS frequency was set to 20 kHz. The
experimentally used tanh/tan pulse shape was read in as the rf Hamiltonian during RFDR mixing. The maximal rf
field strength was 96 kHz, applying a (p5)(m4) phase cycle for the RFDR inversion pulses [Tycko et al., 1985]. The R
value, representing the product of the pulse bandwidth and the pulse length, was 63. The inversion pulse length was
adjusted to one rotor period (50 µs). (Left) Dashed arrows in the structure indicate the considered dipolar couplings.
For orientation, the distance between 5U-C4 and 6G-C6 is 3.7 Å. The spin system was created with SIMMOL [Bak
et al., 2002], using average chemical shift values from the BMRB database and the coordinates from the 1RLG PDB
structure of AF. (Right) The red and the orange curve show the magnetization trend of 5U-C4 and 6G-C6 throughout
the homonuclear mixing period, respectively. The vertical line is at 22.5 ms mixing.
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To evaluate the efficiency for obtaining long-range correlations with an adiabatic RFDR mix-
ing scheme [Leppert et al., 2003], we carried out numerical simulations with the six spin system
illustrated in Figure 3.75 (left) using the SIMPSON software package [Bak et al., 2000]. The
coordinates for the RNA residues 5U and 6G were extracted from the 1RLG PDB structure by
SIMMOL [Bak et al., 2002]. To simulate the adiabatic RFDR sequence, the experimental tanh/-
tan pulse shape was directly read into the simulation as the rf Hamiltonian during RFDR mixing.
In Figure 3.75 (left), the dashed arrows indicate the considered dipolar couplings. Since the sim-
ulation was intended as an optimization of the mixing parameters for the 2H-RNA sample, to
first approximation, no protons had been included into the spin system. The influence of 2H for
the simulation was expected to be negligible.
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Figure 3.76: Sequential assignment strategy for RNA residues. Detection of inter-residual, sequential RNA long-
range contacts by a combination of 1H,15N, 1H,13C and 13C,13C spectra, respectively. The mixing time for the
13C,13C RFDR experiment was 22.5 ms. The long mixing time allowed to determine long-range, inter-residual
contacts, here, between Ui-C4 and Gi+1-C6, which had a 13C,13C distance of 3.7 Å, according to the 1RLG PDB
structure. Due to the higher sample amount, the 1H-RNA sample was employed for the 13C,13C correlation spectrum,
otherwise the 2H-RNA sample was used.
In the initial density operator ρ(0) only the [5U-C4] nucleus was longitudinally polarized
(ρ(0) = [5U-C4]z). The magnetization progression for all nuclei was determined as a function
of the mixing time (Figure 3.75, right). At 22.5 ms mixing, we determined an intensity ratio
of 17:1 between 5U-C4 and 6G-C6, which are 3.7 Å apart. Therefore, in a 2D 13C,13C RFDR
experiment, the peak intensity of the Ω1(5U-C4),Ω2(6G-C6) cross peak was expected to be
≈6%, compared to the diagonal magnetization of Ω1(5U-C4),Ω2(5U-C4). Here, Ω1 and Ω2
were the chemical shift values for the indirect and direct acquisition dimension, respectively.
To experimentally obtain sequential RNA assignments, we recorded three different 2D spec-
tra, in particular a 1H,15N, 1H,13C and a 13C,13C spectrum, respectively, as shown in Figure
3.76. The 13C,13C spectrum (bottom, left) was acquired with the same parameters used for the
simulation in Figure 3.75. As expected from the simulation, we detected long-range contacts,
for example, shown here between Ui-C4 and Gi+1-C6.
Tracing the 13C chemical shift horizontally to the 1H,13C spectrum (Figure 3.76, bottom,
right), allowed to determine the respective 1H chemical shift values of the proximal Ui-HN3
and Gi+1-HN1 protons, bound to Ui-N3 and Gi+1-N1, respectively. By tracing the 1HN chemical
shifts vertically to the 1H,15N spectrum (top, right), we could also identify the corresponding 15N
chemical shifts, Ui-N3 and Gi+1-N1. In total, we could sequentially assign a Ui,Gi+1 pair, via
long RFDR mixing, and determine the respective 13C, 15N and 1H chemical shifts. Nevertheless,
more sequential assignments are necessary to locate the Ui,Gi+1 pair unambiguously within the
primary sequence of the RNA. However, the long-range cross peaks were too weak, employing
a higher sample amount would promote the assignment procedure significantly. Furthermore,
higher sensitivity enables the extension to 3D and 4D experiments, to reduce spectral ambiguity.
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4 Discussion and Conclusions
4.1 Reduced Adjoining Protonation (RAP) labeling scheme
The herein introduced Reduced Adjoining Protonation (RAP) labeling scheme was shown to be
suited for various applications in biomolecular solid-state NMR spectroscopy, such as correla-
tion spectroscopy, resonance assignments, determination of structural restraints and dynamics.
We demonstrated its versatile use in the crystalline SH3 domain of chicken α-spectrin and the
non-crystalline Aβ1-40 amyloid fibrils. All results are discussed in the following.
4.1.1 Optimal RAP sample
The RAP labeling scheme yields randomly protonated samples in a deuterated matrix. The de-
gree of protonation can be adjusted by the relative amount of H2O in the M9 growth medium.
To determine the spectroscopic optimal protonation level, we presented a systematic analysis
of sensitivity and resolution of different randomly protonated microcrystalline α-spectrin SH3
samples as a function of the MAS frequency. Not surprisingly, fast MAS spinning is most bene-
ficial for sensitivity and resolution in 1H-detected INEPT based 1H,13C correlation experiments,
due to the elongation of the effective T2 times for 1H and 13C, respectively.
We found, that a α-spectrin SH3 RAP sample expressed from a M9 minimal medium with
a H2O content of 15% to 25%, rotated at 60 kHz MAS, yielded the best compromise in terms
of spectroscopic performance. For the 25% RAP sample, the relative sensitivity gain at 60 kHz
MAS is on average ≈4.5 and ≈4 fold for backbone and methyl resonances, respectively (cf.
Figure 3.7A, page 42). The ratio of absolute peak intensities for a fully-packed 3.2 mm rotor at
20 kHz MAS (700 MHz) to a 1.3 mm rotor at 60 kHz (850 MHz) amounts to ≈1.1-1.3, whereas
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the ratio of the active sample volumes is on the order of ≈20, indicating a significant saving of
isotopically enriched protein material, using 1.3 mm rotors. The 3.2 mm rotor was packed by a
benchtop centrifuge (≈ 40× 103 g), while the 1.3 mm rotor was packed by ultracentrifugation
(≈ 135×103 g). This might account for a factor of 1-2 in the amount of material in the 1.3 mm
rotor. In addition to reduced 1H dipolar dephasing at high MAS frequencies, this enhancement
is also attributed to a higher efficiency of the 1.3 mm probe [Hoult and Richards, 1976].
We performed 2D 1H,13C HMQC experiments at a MAS rotation frequency of 40 kHz, and
determined residue-specific 1H line widths for a 5% and a 25% RAP sample (cf. Figure 3.12B,
page 50). For the 25% RAP sample, the average 1H line width amounts to 44-49 Hz. The
line width for the 5% RAP sample is on the same order, which is supported by the 1H T2 echo
experiments, carried out at 60 kHz MAS (cf. Figure 3.7B, page 42).
The highest sensitivity was obtained for the 25% RAP sample rotated at 60 kHz (cf. Figure
3.7A, page 42). Under these conditions, dipole mediated line broadening was not yet outper-
forming sensitivity and resolution. However, the use of a higher relative concentration of H2O in
the bacterial growth medium seems unfavorable due to an increase of the 13CDH2 isotopomer,
which results in additional resonances and, thus, in a decrease of resolution (cf. Figure 3.21,
page 61).
In the course of the experimental series with increasing MAS frequencies, the samples became
dehydrated. However, a sealing method was suggested, which enabled long-term measurements
at spinning frequencies ≥50 kHz. In total, we expect that, enhanced coherence lifetimes at fast
rotation will facilitate solution-state like multi-bond experiments in the future, and allow scalar
transfers even for weakly coupled spin systems [Linser et al., 2008, Schanda et al., 2009].
Recently, high-resolution DQ-2Hα,13Cα correlation spectra using perdeuterated α-spectrin
SH3 were reported [Agarwal et al., 2009]. The observed resonances in the here presented
1Hα,13Cα correlation experiment using α-spectrin SH3 RAP samples (cf. Figure 3.6B, page
41) match rather well the 2Hα,13Cα correlation spectra. The experimental 2H line width for the
2Hα resonances was (30±9) Hz. The 1Hα line width in the presented 1H,13C HMQC spectra of
a 5% RAP sample amounted to (50±9) Hz at a MAS frequency of 20 kHz and an external mag-
netic field of 14.1 T (600 MHz). Taking the 6.5 times smaller gyromagnetic ratio of deuterium
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γ(2H) to protons γ(1H) into account, the resolution in the 1H-detected spectrum is improved by





(to first approximation, the prefactor of 0.05 takes account of the proton concentration of the 5%
RAP sample).
Figure 4.1: Combination of the RAP approach with back-exchanging of labile protons to determine 1H-detected
high-resolution 1H,13C and 1H,15N correlation spectra, using the same sample. Here, for the 1H,13C spectrum (left,
14.1 T), however, a 5% RAP labeled α-spectrin SH3 sample was employed, while the 1H,15N spectrum (right,
16.4 T) was obtained, using a 25% RAP labeled sample, which was back-exchanged in a 30%/70% H2O/D2O buffer,
respectively. For both samples the MAS frequency was adjusted to 20 kHz.
Sensitivity and resolution of resonances in the aliphatic region of 1H,13C HMQC spectra us-
ing RAP samples were not compromised, even though the amount of protons had been increased
in comparison to the previously presented approaches [Agarwal et al., 2006, Agarwal and Reif,
2008, Agarwal et al., 2008]. In contrast to an approach designed for the determination of high-
resolution 1H,15N correlations, in which the exchangeable protons have to be partially replaced
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with deuterons [Chevelkov et al., 2006, Akbey et al., 2010], the presented RAP labeling scheme
does not require an 1H/2H exchange step. This will be of particular importance for the inves-
tigation of membrane proteins, which have very stable amide protons, that might not exchange
within months.
However, the RAP labeling can be combined with back-exchanging of labile protons, as
stochastical incorporation of protons in both approaches reduces the probability of high pro-
ton concentrations for a single protein molecule. In Figure 4.1 the 1H,13C HMQC spectrum of
a 5% RAP sample was plotted (left) next to the 1H,15N correlation spectrum of a 25% RAP
sample, back-exchanged in a 30%/70% H2O/D2O buffer (right). Even though both labeling
schemes were employed at the same time, using relatively high proton concentrations, high-
resolution spectra were obtained already at moderate MAS frequencies. In principle, the here
presented analysis of sensitivity and resolution as a function of the RAP proton concentration
and MAS frequency has to be extended by an additional dimension, accounting for the degree of
back-exchanged protons. However, a 15% RAP labeled sample, back-exchanged in a 20%/80%
H2O/D2O buffer seems to be a reasonable compromise.
In conclusion, we could demonstrate that the presented RAP labeling scheme facilitates 1H
detection of aliphatic resonances and opens a new avenue for biomolecular MAS solid-state
NMR spectroscopy. The presented RAP approach is easy to implement and allows to bypass
more complicated labeling schemes, which rely on selectively labeled precursors, such as [1,3]-
13C or [2]-13C glycerol [LeMaster and Kushlan, 1996, Hong and Jakes, 1999, Castellani et al.,
2002], or which rely on dilution of exchangeable protons [Chevelkov et al., 2006].
However, we also investigated the possibility of RAP labeling, combined with sparse isotopi-
cal 13C enrichment using [u-2H, 2-13C]-glycerol as the carbon source, instead of u-[2H,13C]-
glucose. That way, a 10% RAP-glycerol sample of α-spectrin SH3 was prepared, employing
10% H2O and 90% D2O in the M9 expression buffer. The recorded 1H,13C correlation spec-
tra yielded excellent signal dispersions (Figure 4.2) due to the elimination of homonuclear J-
couplings and the reduction of spectral crowding, as only every second carbon was isotopically
13C-labeled. In principle, for a full characterization of RAP-glycerol samples, the site-specific
1H concentrations remain to be determined, since glycerol enters the amino acid metabolism at
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a different level than glucose [Lemaster and Cronan, 1982]. These can be obtained by solution-
state NMR experiments, which were already carried out here for the RAP-glucose samples.
To first order approximation, half of the 13C resonances are attenuated, using [u-2H, 2-13C]-
glycerol as the carbon source. However, to detect the missing resonances, a complementary RAP
sample could be prepared, employing [u-2H, 1,3-13C]-glycerol in the M9 expression medium.
An 1:1 mixed sample could be employed to obtain the full spectrum, but with improved resolu-
tion, as 13C,13C scalar couplings are eliminated, which could be used for the determination of
intermolecular contacts [Castellani et al., 2002, Loquet et al., 2010, 2012].
To spectroscopically improve the 13C resolution by removing 13C,13C scalar couplings in
uniformly 13C-labeled RAP-glucose samples, two approaches were probed. As known from
solution-state NMR, constant-time experiments can be employed, in which 13C,13C J-couplings
are refocussed during a constant evolution period [Vuister and Bax, 1992]. We showed, that high
MAS frequencies enable 1H,13C constant-time HSQC experiments in the solid-state using RAP-
glucose samples, while employing 2-3 kHz low-power decoupling (cf. Figure 3.17B, page 55).
The experiment requires long 13C T2 times, which are, however, limited for 13Cα backbone res-
onances. For this case, we implemented a homonuclear 13C’+13Cβ-selective scalar decoupling
sequence, which can be employed in “real”-time during the 13Cα evolution period. That way,
1Hα,13Cα correlations were obtained by a cross polarization (CP) based sequence at a moderate
spinning frequency of 24 kHz. Spectra with a significantly improved backbone resolution were
yielded (cf. Figure 3.16B, page 54).
4.1.2 Access to secondary and tertiary structure information
NMR spectroscopy is a powerful tool for structural investigations of biomolecules at atomic res-
olution. Since chemical shifts provide a direct access to secondary structure informations [Spera
and Bax, 1991, Wishart et al., 1991], the assignment of resonances is crucial for proceeding with
structural studies, as well as for investigating protein dynamics.
In RAP samples, assignments are more difficult to obtain in comparison to homogeneously la-
beled samples, due to the stochastic incorporation of protons. For that reason, HCCH type exper-
iments cannot easily be implemented. For RAP samples, complementary assignment strategies
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Figure 4.2: Comparison of 1H,13C HMQC spectra of a 25% RAP-glucose (black) to a 10% RAP-glycerol sample
(red) of α-spectrin SH3, employing u-[2H,13C]-glucose and [u-2H, 2-13C]-glycerol as the carbon source in the M9
minimal medium, respectively. Both spectra were recorded at the same effective temperature of ≈15-20 ◦C and
external magnetic field of 20 T (850 MHz). The MAS frequency was adjusted to 40 kHz and 50 kHz, employing the
RAP-glucose and RAP-glycerol sample, respectively.
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need to be established. We showed, that all resonances can be unambiguously assigned using
3D HCC and CCH type correlation experiments, yielding assignment of≈90% of the 1Hα,13Cα
backbone, and side chain resonances of a 15% RAP sample of α-spectrin SH3. In both exper-
iments, 13C,13C mixing is achieved, using an adiabatic RFDR sequence [Leppert et al., 2003].
Compared to PDSD and RAD/DARR, the RFDR sequence displayed the best mixing perfor-
mance (cf. Figure 3.18, page 57).
The 3D CCH experiment exploits 13C paramagnetic relaxation enhancement to accelerate
data acquisition and proton detection for high sensitivity [Linser et al., 2007, Wickramasinghe
et al., 2009]. In order to improve the resolution, the spectral width was reduced to the aliphatic
region. Therefore, the CP condition was optimized to suppress 13C’ excitation and prevent
folding artifacts (cf. Figure 3.28, page 70). Originally, the 3D CCH experiment was recorded
with carbon direct excitation. Alternatively, the experiment can be performed by transferring
magnetization simultaneously from the deuteron and the proton to the carbon spin.
The 3D HCC experiment allows easy assignment of 1Hα resonances in cases where the 1Hα
resonance is perturbed by the solvent signal. As shown here, homonuclear scalar decoupling in
the indirect and, as demonstrated by Chevelkov et al. [2005a], in the direct carbon dimension
allows to significantly increase the spectral resolution.
For comparison, representative strip plots of the 3D HCC and the 3D CCH experiment are
shown in Figure 4.3. In particular for sequential assignment experiments, a four-channel probe
with high-power capabilities for 1H, 2H, 13C and 15N in combination with optimum control
strategies to overcome bandwidth limitations will yield a further increase in experimental sensi-
tivity [Wei et al., 2011].
The assigned chemical shifts only yield limited structural information. However, to be able
to determine de novo structures, internuclear long-range restraints are essential. In uniformly la-
beled samples, long-range interactions are difficult to obtain due to the truncation of the dipolar
coupling. Therefore, labeling schemes are exploited, that rely on spin dilution. In RAP samples,
the proton spin system is diluted, which enabled high-resolution proton detection. Therefore, we
established a 13C-resolved 3D H(H)CH correlation experiment, which allowed the identification
of 1H,1H interactions among side chains, which are close in space. The experiment was derived
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Figure 4.3: (A) Schematic illustration of the magnetization transfer pathway in the 1H-detected CCH (left) and the
13C-detected HCC experiment (right), respectively. (B) 2D strips extracted from the 3D 1H-detected CCH (left, cf.
Figure 3.24, page 66) and the 13C-detected HCC correlation experiment (right, cf. Figure 3.25, page 67) recorded for
a 15% RAP sample of α-spectrin SH3. Reproduced with permission from Asami, S., et al., Acc. Chem. Res., 2013,
46 (9), pp 2089–2097. Copyright 2013 American Chemical Society. DOI: 10.1021/ar400063y.
from the solution-state 1H,13C NOESY-HMQC experiment [Ikura et al., 1990b, Zuiderweg et al.,
1990], while the NOESY mixing was replaced by 1H,1H RFDR recoupling. Similar approaches
for determination of proton-proton contacts were proposed, employing perdeuterated and selec-
tively methyl labeled samples [Zhou et al., 2007, Huber et al., 2011, Knight et al., 2011, Linser
et al., 2011a]. However, in combination with fast MAS, it is expected, that the RAP labeling
yields significantly more information, as the entire side chain is labeled and detectable.
4.1.3 Investigation of Aβ1-40 amyloid fibrils
The structural investigation of insoluble, biomolecular systems, such as membrane proteins and,
especially, protein aggregates, are highly limited with the traditional biophysical methods, X-
ray crystallography and solution-state NMR spectroscopy, as solubility is a prerequisite for both
techniques. On the other hand, solid-state NMR spectroscopy is particularly useful to investigate
these systems, as it does not require dissolved molecules and is not subject to a size limitation.
However, solid-state NMR spectroscopy of uniformly protonated samples suffers from low sen-
sitivity and resolution due to the detection of nuclei with small gyromagnetic ratios, as 13C and
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15N, and the presence of 1H,1H dipolar couplings, which induce severe line broadening. There-
fore, for the investigation of the Alzheimer’s disease Aβ1-40 amyloid fibrils, deuteration was
employed (cf. section 1.2, page 7). Very few fibril studies have been reported, which rely on
1H-detected experiments, making use of deuteration. So far, exclusively perdeuterated and 1HN
back-exchanged fibrils were employed [Linser et al., 2011b, Morris et al., 2012].
Here, Aβ1-40 fibrils were prepared, using the herein introduced RAP labeling scheme, which
enables proton detection, while maintaining high resolution in the aliphatic region. Two 5%
RAP samples were prepared, sample S1 and S2, respectively. Unlike for S1, the fibril formation
of the S2 sample was conducted in the presence of 75 mM Cu(II)EDTA. After the fibril growth,
the S2 fibrils were additionally washed two times with a PBS buffer containing 40% deuterated
glycerol.
For the initial characterization of both samples, 13C spectra were recorded, since the majority
of previously reported solid-state NMR data is based on 13C-detection [Petkova et al., 2005,
2006, Bertini et al., 2011a, Dasari et al., 2011, Bieschke et al., 2012, Lopez Del Amo et al.,
2012, Lopez del Amo et al., 2012]. The comparison of 13C 1D and 2D spectra of S1 and S2
with uniformly protonated fibrils showed a good resonance overlap and indicated similar folds,
as well as homogeneous sample preparations of both RAP labeled samples (Figure 3.57A, page
132 and Figure 3.58, page 134). However, slight differences were obtained for the S2 sample,
which were most obvious for the alanine residues.
Aβ1-40 contains three alanine residues, however, only two were visible, as one (Ala2) is lo-
cated in the structurally disordered N-terminus [Petkova et al., 2006]. Due to the proposed
asymmetry of the dimer, two sets of chemical shifts were expected for every residue and, there-
fore, in total, four resonances for both detectable alanines. In this manner, as shown in Figure
3.58A (page 134), Ala21 and Ala30 were identified for conformer I (orange label) and II (cyan),
respectively, based on previous assignments [del Amo et al., 2012].
For the preparation of the S2 fibrils, Cu(II)EDTA was employed to make use of PRE to in-
crease the spectral sensitivity by shortening the experimental recycle delay time (Figure 3.57,
page 132). Additionally, the fibrils were washed with glycerol to improve the sample homogene-
ity. Glycerol is a protecting osmolyte, which pushes the protein folding equilibrium towards the
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native state [Bolen, 2004, Street et al., 2006]. Therefore, it was hypothesized, that washing fib-
rils with glycerol might reduce structural heterogeneities and improve the resolution. However,
experimentally no improvement in resolution was obtained. In total, it could not be unam-
biguously identified, whether Cu(II)EDTA and/or the glycerol washing induced changes in the
fibrillar structure with respect to the S1 sample, since two parameters changed from the S1 to
the S2 preparation.
In general, isoleucine δ1 methyl groups show very distinct chemical shifts in the 1H and 13C
dimension of 1H,13C correlation spectra. The respective region in a 1H,13C HMQC spectrum
was gray shaded in Figure 3.59C (page 135). Isoleucine was, therefore, employed to identify
the number of asymmetric subunits in 1H,13C HMQC spectra, as the Aβ1-40 sequence contained
two isoleucines, Ile31 and Ile32. The appearance of four isoleucine δ1 resonances would hint
the presence of an asymmetric dimeric subunit. As expected from previous results (Figure 3.58,
page 134) [del Amo et al., 2012], we detected four isoleucine resonances for the S2 sample,
while the S1 sample showed clearly three resonances, however, the fourth resonance was most
probably overlapped.
The estimated number of all experimentally detected methyl resonances for the S1 sample
was approximately 35. A maximum of 25 methyl resonances would be expected for a sym-
metric Aβ1-40 molecule, whereas an asymmetric dimer would yield twice as many resonances.
Clearly, the number of experimentally observed methyl resonances exceeds the theoretical up-
per limit of a symmetric molecule. However, the experimental number falls below the limit
for an asymmetric dimer, which is attributed to the large overlap in the methyl region (Figure
3.59C, page 135). The addition of another 13C dimension, as in the here suggested CCH/HCC
3D experiments (cf. Figure 4.3, page 168), would enable an unambiguous determination of the
number of methyl resonances. In total, we could show, that an asymmetric dimer was obtained
for both labeling schemes, either employing protonated or deuterated fibrils.
For further characterization of the 5% RAP labeled Aβ1-40 fibrils, the residual dynamics was
probed by comparing scalar- (black) and dipolar-based (red) 1H,13C correlation spectra (Figure
3.60A, page 136). So far, no 1H chemical shift assignments were available for Aβ1-40, therefore,
only qualitative conclusions could be drawn. However, in the future, 1H,13C assignments will
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be obtained by the here proposed assignment experiments (cf. section 4.1.2, page 165).
Several methylene and methine peaks were not detected in the CP experiment (Figure 3.60A,
page 136), indicating large amplitude sub-µs motions for these residues, which average the
1H,13C dipolar coupling anisotropy, or slow µs-ms motions, which interfere with the CP mag-
netization buildup. In the inset of Figure 3.60A (page 136), the theoretical T1ρ time (spin-lattice
relaxation time in the rotating frame [Jones, 1966]) was plotted as a function of the motional
correlation time, τc, for two rf spin-lock fields, with ω1/2π equal to 50 kHz (black) and 100 kHz
(red), respectively. Clearly, motion on the µs-ms timescale yields reduced T1ρ times, which
hamper the CP magnetization buildup. The sensitivity in the INEPT experiment, on the other
hand, is, to first order approximation, only limited by 13C T2 times, which are susceptible to
motions on the slower ms-s timescale [Wang, 1992].
Based only on the average chemical shift and the differential dynamics determined by com-
paring INEPT and CP transfers, the Met0 and Ala2 methyl groups could be tentatively assigned
(Figure 3.60A, page 136). Here, the Aβ1-40 peptide was obtained by recombinant overexpression
in E. coli (Materials and Methods, page 24), therefore, a methionine at position 1 (termed here
position 0) was leading the Aβ1-40 peptide sequence (the primary sequence of Aβ1-40 is given at
the bottom of Figure 3.60, page 136). Two particular methyl resonances in the methionine and
alanine region were only observable in the INEPT spectrum, while they were beyond detection
in the CP experiment. This observation indicates the presence of fast (sub-µs) or intermediate
dynamics (µs-ms) for these residues. To distinguish between both timescales, 1H,13C dipolar
dephasing (section 4.1.4, page 172) and relaxation dispersion curves [Tollinger et al., 2012] can
be obtained, to probe fast and intermediate dynamics, respectively.
So far, residues 0-11 were undetectable in CP-based experiments [Petkova et al., 2006, del
Amo et al., 2012], which was attributed to the flexibility and structural disorder of the N-
terminus. The flexible N-terminus contains a methionine (Met0) and an alanine residue (Ala2).
In combination with the average chemical shift, the missing methyl resonances in the CP spec-
trum were, therefore, tentatively assigned to Met0 and Ala2 (Figure 3.60A, page 136).
In Figure 3.60B (page 136), 1H,13C correlation spectra of fibrils and solubilized, monomeric
Aβ1-40 were compared. As concluded from the chemical shifts found for the amide resonances
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of monomeric Aβ1-40 [Lopez del Amo et al., 2012], Aβ1-40 displays a random coil structure in
a 10-20 mM sodium hydroxide solution. Therefore, we also expected random coil shifts for the
1Hα,13Cα backbone region. As presumed, rather narrowly dispersed 1Hα,13Cα resonances were
experimentally observed for a monomeric sodium hydroxide solution of a 15% Aβ1-40 RAP
sample (red spectrum, Figure 3.60B). Comparing this spectrum to the spectrum of a monomeric
solution of uniformly protonated Aβ1-40 (50 µM u-[1H,13C,15N] Aβ1-40, dissolved in a buffer
with 10 mM NaCl and 100 mM Na2HPO4 at pH 7.5, kindly provided by Maria Stavropoulou,
TU München) showed a very good overlap, in spite of the different sample conditions (data not
shown).
However, the fibrils yielded a much higher dispersion of 1Hα,13Cα backbone resonances,
indicating folding and, therefore, the presence of secondary structure. It is well-known from
solution-state NMR, that the chemical shift difference to the respective random coil value is
highly dependent on the secondary structure motif [Spera and Bax, 1991, Wishart et al., 1991].
In Figure 3.60B, the dashed boxes depict the 1Hα,13Cα region of fibrillar (black) and dissolved,
monomeric (red) Aβ1-40. Despite the poor solvent suppression in the solution-state spectrum, a
clear shift to higher (“downfield”) and lower (“upfield”) chemical shift values was observed for
the fibrils in the 1Hα and 13Cα dimensions with respect to the monomeric form. A downfield and
upfield shift for 1Hα and 13Cα resonances is highly correlated to β -sheet formation [Wishart,
2011]. In fact, the structure of Aβ1-40 fibrils, as determined by solid-state NMR [Petkova et al.,
2006], is exclusively composed of parallel β -sheets and loops (inset of Figure 3.60B).
In the future, 1H,13C assignments will be obtained, using Aβ1-40 RAP samples, which, in
turn, will enable the investigation of the structure (cf. section 4.1.2, page 165) and the dynamics
(cf. section 4.1.4, page 172, and section 4.1.5, page 191) of amyloid fibrils to gain insights into
their arrangement and stability.
4.1.4 Dipolar coupling order parameters as a direct probe for sub-µs motions
4.1.4.1 13C vs. 15N backbone order parameter
The application of MAS averages anisotropic interactions, as the dipolar coupling (cf. Figure
1.1, page 5), and mimics the molecular tumbling of molecules in solution. However, the dipolar
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coupling anisotropy is a direct dynamical probe for sub-µs motions as its amplitude is aver-
aged by motions on the respective timescale [Gross et al., 1997]. In the solid-state, various
schemes were introduced to recouple dipolar interactions during MAS [Roberts et al., 1987, Ho-
hwy et al., 2000, Zhao et al., 2001a,b, Dvinskikh et al., 2003, 2005, Chevelkov et al., 2009a]. It
turned out, that a Rotational-Echo Double-Resonance (REDOR) type experiment [Gullion and
Schaefer, 1989, Pan et al., 1990, Jaroniec et al., 2000] performs best for deuterated proteins in
terms of insensitivity to rf miscalibration, rf inhomogeneity and I/S spin CSA [Schanda et al.,
2011b], respectively. It was shown numerically, that the presence of remote proton spins was
the most severe source of error, which, however, can be by-passed by the use of deuterated pro-
tein samples. The REDOR sequence was applied, so far, to perdeuterated and selectively ILV
methyl-labeled samples [Schanda et al., 2010, 2011a]. The herein introduced RAP labeled sam-
ples yield at the same time order parameters for all aliphatic sites and 13C T1 times, using the
same sample.
Focussing on backbone dynamics, all α-spectrin SH3 1Hα,13Cα S2 values and asymmetries
were plotted as a function of the residue number (Figure 4.4A), next to the 1HN,15N backbone
order parameters (1HN,15N S2 values were taken from Chevelkov et al. [2009a]). A very similar
trend was observed for both dynamics probes. The averaged squared order parameter 〈S2〉 for
1Hα,13Cα was 0.87± 0.06. A significantly lower average value was observed for 1HN,15N,
〈S2〉 was determined to be 0.78± 0.09. This observation was reported in earlier studies and
was attributed to the freedom of intact amide groups to rotate around the connecting Cαi and
Cαi−1 bond with little disturbance of the rest of the structure [Smith et al., 1995, Idiyatullin
et al., 2003]. These motions about the Cαi−1-Cαi axis, which connects sequential amino acids,
was shown to be dominant, as compared to motions about the remaining two orthogonal axes
[Bouvignies et al., 2005]. On the contrary, this type of reorientational motion is hindered for
Hα,Cα groups, especially for long-chain amino acids, which explains the shift to larger squared
order parameters. This motional restriction was also reflected by low 1Hα,13Cα asymmetry
parameters η (Figure 4.4A, blue bars) with an average value of 0.21± 0.11. To improve the
accuracy and precision of both asymmetry and dipolar coupling anisotropy, two complementary
REDOR datasets with two ζ -delays were employed, which improved the fitting convergence of
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the dipolar dephasing curves.
However, the average error for the asymmetry parameter was still about 50%, therefore, only
limited quantitative conclusions can be drawn. Nevertheless, all asymmetries were larger than
zero, hinting a small contribution of about 7-13% from an additional rotameric population, in
case a two-site rotameric jump model is assumed (described in section 4.1.4.2, page 181). Ex-
ceptionally high asymmetries were observed for Leu8α and Val9α , however, with large experi-
mental uncertainties, indicative of a particularly low spectral sensitivity for these residues.
The generalized order parameter S2 is a model independent measure of the motional am-
plitude. However, in the past, various analytical interpretations of the order parameter were
suggested, to picture the motion of backbone, side chain and methyl moieties [Lipari and Szabo,
1982b, Jarymowycz and Stone, 2006]. The most frequently used motional model to interpret
the model independent order parameter is the diffusion-in-the-cone model [Kinosita et al., 1977,
Lipari and Szabo, 1980, 1981]. The model assumes free diffusion of the bond vector within a

















In Figure 4.5A, the order parameter S2cone was plotted as a function of θ (black curve). The full
range of the order parameter (0 ≤ S2cone ≤ 1) is defined by θ . The average 1Hα,13Cα squared
backbone order parameter of α-spectrin SH3 was obtained to be 0.87 (Figure 4.4A), which
corresponds to librational motion of the 1Hα,13Cα bond vector within a cone of about 17◦, as
determined by equation 4.2.
Another prominent model is the jump model, which assumes, that the bond vector “jumps”
between two different, discrete states i and j, separated by the angle φi j. The probability for
residency in both states are pi and p j with pi + p j = 1, respectively [Wittebort and Szabo, 1978,
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pi p jP2(cosφi j) (4.3)




. In Figure 4.5B, S2jump is
plotted as a function of the jump angle φi j and the population pi, with p j = 1− pi. As opposed
to the diffusion-in-the-cone model, here, the total range of order parameter values is not defined.
The definition range has a lower limit of 0.25 (0.25 ≤ S2jump ≤ 1), as the limitation to jumps
between discrete states imposes a restriction to the motional freedom. This is also indicated
by the red curve in Figure 4.5A, assuming equal populations. For the special case of equal





3cos2 φi j +1
)
. (4.4)
To describe backbone dynamics, occuring on the fast ps-ns time scale, usually the diffusion-
in-the-cone and the two-state jump model are combined [Clore et al., 1990a]. As proposed by
Clore et al. [1990b], the sufficient description of backbone dynamics requires the introduction of
two order parameters, S2f and S
2
s , for fast and slow motions, respectively. S
2
f takes account of fast
random thermal motions on the picosecond timescale (ωτ  1), which can be well described
with the diffusion-in-the-cone model (S2f = S
2
cone) [Clore et al., 1990a]. On the other hand,
S2s takes account of the slower, rare, discrete transitions on the time scale of several hundreds
of picoseconds to a few nanoseconds (ωτ ≈ 1), which is well represented in the jump model
(S2s = S
2
jump). The occurence of both time scales is supported by protein MD simulations [Karplus
and Mccammon, 1979, 1983, Levitt, 1983, Elber and Karplus, 1987, Levitt and Sharon, 1988,
Post et al., 1989]. Therefore, to combine the diffusion-in-the-cone and the jump model, the
generalized order parameter S2 = S2f × S2s = S2cone × S2jump is employed. That way, the bond
vector is pictured to jump between the states i and j, while it can diffuse freely within the cone
of state i and j, respectively. The generalized order parameter S2 is plotted in Figure 4.5C as a
function of the semiangle θ and the jump angle φi j, assuming equal populations for both states
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experimentally determined generalized order parameter S2, T1 relaxation data can be employed,
as will be discussed in section 4.1.5 (page 191).
As can be seen in Figure 4.4B, the order parameters for both backbone sites, 1Hα,13Cα
and 1HN,15N, were approximately linearly correlated, aside from two significant exceptions,
Leu8 and Thr24, which, however, show large error bars. Most values cluster in the region
above the diagonal, indicating larger squared order parameters for 1Hα,13Cα, as compared to
1HN,15N, which was expected due to the different degree of mobility for both dynamics probes
(vide supra).
For validation with another well established model system, we compared the correlation plot
obtained for α-spectrin SH3 (Figure 4.4B) to data obtained for the Bovine Pancreatic Trypsin
Inhibitor (BPTI) protein. The BPTI protein has been extensively studied in the past by solution-
state NMR [Richarz et al., 1980b, Levy et al., 1982, Wagner, 1983, Nirmala and Wagner, 1988,
Berndt et al., 1992, Otting et al., 1993, Szyperski et al., 1993] and MD simulations [Brooks and
Karplus, 1983, Levy et al., 1981a, 1982, Lipari et al., 1982]. In Figure 4.4B, HN,N and Hα,Cα
squared order parameters for the water dissolved BPTI protein were correlated, as shown in the
inset of Figure 4.4B. These order parameters were calculated from MD simulations [Smith et al.,
1995]. A very similar pattern, as observed for α-spectrin SH3 in the solid-state, was yielded,
with an offset to higher order parameters for Hα,Cα.
Here, the HN,N and Hα,Cα order parameters of BPTI were determined by a 1 ns MD trajec-
tory, carried out by Smith et al. [1995]. In general, a good agreement between order parameters
derived from MD simulations and NMR is yielded [Chandrasekhar et al., 1992]. The general-
ized order parameter S2 is defined as the value of the internal correlation function at infinite time,
limt→∞CI(t) = S2, which is a model-independent measure of the amplitude of internal motion








with Y2m(Ω) describing the second-order spherical harmonics and Ω= (θ ,φ) the direction of the
internuclear vector in the molecular frame, while the angular brackets denote the time averaging
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[Bruschweiler and Wright, 1994].
The squared order parameter is defined as the ratio of the dipolar coupling anisotropy to
the rigid-limit value, therefore, S2 is strongly influenced by the magnitude of the rigid-limit
anisotropy. In the literature, 1HN,15N (1Hα,13Cα) bond lengths of 1.015 Å [Yao et al., 2008b]
(1.10 Å [Lipari and Szabo, 1982a, Henry and Szabo, 1985, Tam et al., 1991]) and 1.02 Å
[Bernado and Blackledge, 2004] (1.11 Å [Alkaraghouli and Koetzle, 1975, Yao et al., 2001])
were reported, which leads to smaller generalized order parameters in the latter case. Accurate
determination of equilibrium bond lengths is difficult, as the bond length is influenced by dynam-
ics. S2 can be corrected by the factor r6a/r
6










spectively. The correction by variation of the rigid-limit bond length would, however, only yield
an isotropic offset of both order parameters in Figure 4.4B.
An anisotropic, residue-specific offset of the 1HN,15N order parameters to smaller amplitudes
may also partially be attributed to hydrogen bonding of 1HN amide protons, which induces a
bond lengthening of the 15N–1H bond [Steiner, 1995]. As determined by X-ray diffraction and
neutron scattering, the lengthening of the X–H (X = N, O) bond length can vary between 0.02
and 0.08 Å for moderate hydrogen bonds (rH···A = 1.5 to 2.2 Å, A is the acceptor), respec-
tively [Taylor et al., 1984, Steiner, 2002]. For example, considering a 1HN,15N dipolar coupling
anisotropy of 9151 Hz, which corresponds to a bond length of 1.1 Å, yields an squared order
parameter of S2 = 0.62 (equation 3.14, page 76), when assuming a rigid-limit 1HN,15N bond
length of 1.015 Å (δD = 11648 Hz) [Yao et al., 2008b]. In case of a hydrogen bond, this bond
length may extend to 1.1 Å + 0.08 Å ≡ 1.18 Å, which yields a significantly smaller squared
order parameter of S2 = 0.41.
The majority of the amide resonances of α-spectrin SH3, which were employed for the cor-
relation plot in Figure 4.4B, are involved in hydrogen bonds. It was shown for α-spectrin SH3,
however, that the 1HN,15N dipolar coupling anisotropy and hydrogen bonding are only weakly
correlated [Chevelkov et al., 2009a]. In principle, weak hydrogen bonds can also form with the
Hα proton of the Hα,Cα backbone, however, inducing a lengthening of Hα,Cα bond of about
0.008 Å, which has a marginal effect on the order parameter. To improve the linear correlation
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of 1Hα,13Cα and 1HN,15N order parameters a correction term can be employed to account for
hydrogen bonds.
The dipolar coupling anisotropy and, therefore, the order parameter is a field-independent
quantity. However, depending on the experimental method employed for its determination, sys-
tematic variations can occur. These variations were shown to be significant [Schanda et al.,
2011b], comparing dipolar coupling anisotropies, determined by the REDOR [Gullion and
Schaefer, 1989] or the CPPI [Dvinskikh et al., 2003] recoupling sequence, respectively. In the
present thesis, the REDOR sequence was employed for the determination of the 1H,13C aliphatic
order parameters, while 1HN,15N order parameters were obtained by Chevelkov et al. [2009a]
using CPPI. It was shown in a recent study by Schanda et al. [2011b], that the CPPI sequence
and the extracted dipolar coupling anisotropies were much more sensitive to rf inhomogeneity
and miscalibration, as compared to REDOR. The anisotropies, determined by the REDOR se-
quence, were only affected by remote protons, which, however, are highly diluted, employing
deuterated samples. Therefore, prospectively, the 1HN,15N order parameters of α-spectrin SH3
should be re-determined, using the REDOR sequence, to reduce the influence of rf inhomogene-
ity and miscalibration and to minimize systematic errors, when comparing the parameters to the
1Hα,13Cα backbone data. In principle, 1Hα,13Cα and 1HN,15N order parameters could be de-
termined using the same sample, since high resolution and sensitivity can be obtained for both
spectral regions, combining the here introduced RAP labeling and back-exchanging of amide
protons (cf. Figure 4.1, page 163).
As shown by Chevelkov et al. [2010], experimentally determined 1HN,15N order parameters
of α-spectrin SH3 in the solid- and solution-state displayed a remarkable agreement, indicating,
that protein motions in the native, hydrated state are retained in the crystal. Only small deviations
were obtained upon crystallization. Furthermore, they recorded a 50 ns MD trajectory for α-
spectrin SH3, while taking account of the crystal lattice environment. A very good correlation
between order parameters derived by experiment and from the MD trajectory, using equation
4.5, was obtained. Similarly, experimental 1Hα,13Cα order parameters, obtained here, could be
validated, in the future, by comparison with simulated order parameters, estimated from the MD
trajectory. Additionally, other complementary dynamics probes, as 13C’,13Cα [Fischer et al.,
180
4.1 Reduced Adjoining Protonation (RAP) labeling scheme
1998], can be employed, for obtaining a detailed view of the underlying motional modes in the
protein backbone.
In conclusion, the RAP labeling scheme was shown to enable the access to backbone order
parameters of α-spectrin SH3. That way, 1Hα,13Cα backbone dipolar coupling anisotropies and
asymmetries were obtained with high accuracy, using REDOR dephasing curves. The param-
eters were obtained using only one sample, a 15% RAP sample, which is a major advantage
over current solution-state NMR approaches. For the determination of the Residual Dipolar
Coupling (RDC), which is the solution-state NMR counterpart to the solid-state dipolar cou-
pling anisotropy, accurate data from multiple, but orthogonal, alignment media are essential
[Meiler et al., 2001, Tolman et al., 2001, Clore and Schwieters, 2004, Lange et al., 2008, Yao
et al., 2008a]. Solid-state dipolar coupling anisotropies are sensitive to motions up to several
microseconds [Chevelkov et al., 2010], on the other hand, solution-state RDCs can be used to
probe motions faster than milliseconds, as the couplings are about three orders of magnitude
smaller than in the solid-state. However, as shown recently, millisecond motions can be probed
in the solid-state by relaxation dispersion experiments [Tollinger et al., 2012]. To yield a higher
spectral resolution for the experimental determination of dipolar couplings, we showed, that the
RAP-glycerol labeling can be employed.
4.1.4.2 Side chain and methyl dynamics
Similar to backbone motions (section 4.1.4.1, page 172), analytical functions for the interpreta-
tion of the model-independent generalized order parameter S2 of side chains and methyls were
introduced. In the Woessner model [Woessner, 1962a], the H,C bond vector of a methyl group
freely diffuses about a fixed axis, which yields an order parameter
S2Woessner = [P2 (cosβ )]
2 , (4.6)





[Lipari and Szabo, 1982a,b]. The same equation was
derived, assuming rotameric jumps of the methyl group among three equivalent sites.
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For an ideal tetrahedral geometry, β = 180◦− 109.5◦ = 70.5◦, yielding S2Woessner = 0.111.
Therefore, the generalized order parameter for a methyl group is given by
S2 = S2axis×S2Woessner = 0.111×S2axis, (4.7)
where S2axis is the order parameter for the motion of the rotation axis of the methyl group. As
before, the generalized order parameter S2 was determined as the ratio of the experimentally
obtained dipolar coupling anisotropy to the rigid-limit value. The here employed rigid-limit
1H,13C bond length for methyl groups was 1.115 Å [Henry and Szabo, 1985, Ishima et al.,
2001].
Furthermore, S2axis in equation 4.7 can be linked to a motional model, as the diffusion-in-
the-cone model, described in the previous section (cf. Figure 4.5, page 176). Alternatively,
the restricted diffusion model for side chain motions can be employed [London and Avitabile,
1978, Wittebort and Szabo, 1978, Lipari and Szabo, 1982b, Nicholson et al., 1992, Engelke and
Ruterjans, 1998, Daley and Sykes, 2004], as rotations about the preceeding axis also reorientates
the methyl rotation axis. For example, as depicted by the structural model in Figure 4.6D for
valine, three different rotameric states are illustrated, which are yielded by χ1 rotations about the
Cα,Cβ bond vector. However, the sterical hindrance in context of a globular protein reduces the
possible motional range, which is especially pronounced for longer chain amino acids [Hanssum
and Ruterjans, 1983], as isoleucine and methionine. The order parameter for restricted diffusion,
S2rest, was derived to be [Lipari and Szabo, 1982b]
S2rest = [P2(cosβ0)]
2 +






sin2 β0 cos2 γ0
)
, (4.8)
where β0 is the angle between the restricted reorientation axis and the methyl rotation axis, in
the case of valine, between the Cα,Cβ and the Cβ,Cγ1/Cγ2 bond vector, respectively. ±γ0
defines the angular range of rotation about the restricted reorientation axis (Cα,Cβ for valine)
and is the measure for side chain motion. β0, however, is a fixed angle and equal to 70.5◦ for all
methyl-bearing amino acids, except for methionine, where β0 is 80◦. For both cases, β0 = 70.5◦
(black) and β0 = 80◦ (red), S2rest was plotted as a function of γ0 (Figure 4.6A).
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Free rotation corresponds to an angular range of γ0 = ±180◦, therefore, yielding the min-
imum value of the order parameter, S2rest,min = [P2(cosβ0)]
2 (0.111 and 0.207 for β0 equal to
70.5◦ and 80◦). As pointed out by Lipari and Szabo [1982b], this theoretical minimum of S2rest
can be used as the definition of a lower limit of the generalized order parameter for restricted
diffusion. That way, if the experimentally determined generalized order parameter S2 is smaller
than S2rest,min× S2Woessner = [P2(cosβ0)]
2×P2 (cosβ ), then the restricted diffusion model is not
sufficient to describe the present side chain dynamics.
In principle, if the reorientation about the successive side chain rotation axes are not sterically
hindered, then the order parameter S2n for the nth carbon can be described by [Woessner, 1962a,
Wallach, 1967, Lipari and Szabo, 1982b]
S2n = [P2(cosβ )]
2n . (4.9)
Figure 4.6B depicts the order parameter S2n as a function of the side chain position n, expected
for a lysine residue, where n = 0,1,2,3,4 means the α, β, γ, δ and ε position, respectively. The
order parameter decreases while moving along the side chain from the backbone to the terminal
carbon. This trend was also observed in MD simulations [Levy et al., 1981b, Best et al., 2005].
In the present thesis, side chain and methyl motions were investigated by REDOR dephasing
experiments, employing the RAP labeling scheme. A representative section of experimentally
derived side chain and methyl order parameters and asymmetries is shown in Figure 4.7, next to
the backbone values, where available. All employed values are given in the appendix (Table 4,
page 220, Table 5, page 221, Table 6, page 223, Table 7, page 224).
The here depicted backbone and side chain dynamics parameters (Figure 4.7) were obtained,
using a 15% RAP sample of α-spectrin SH3. For the methyl parameters two different samples
were employed. For valine and leucine methyl parameters, a selectively Val/Leu methyl-labeled
13CD2H sample of α-spectrin SH3 was used, due to the high sensitivity, while the alanine and
threonine methyl parameters shown in Figure 4.7 were determined, employing a 5% RAP sam-
ple. It should be noted, that, as compared to selectively methyl labeled samples, the RAP label-
ing enables the access to all aliphatic sites, including all types of methyl groups (Alaβ, Ileγ2,
Ileδ1, Leuδ1/2, Metε, Thrγ2, Valγ1/2, cf. Table 7, page 224).
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In principle, the methyl proton concentration for the 13CD2H sample was expected to be
higher than for the 5% RAP sample, especially within the hydrophobic protein core, which typi-
cally shows the highest methyl density. In the 13CD2H sample either one of the methyl groups of
valine and leucine residues is protonated, yielding an average proton concentration of about 17%
for any Valγ or Leuδmoiety (according to equation 3.6, page 37), however, in a 5% RAP labeled
sample, the methyl concentration was shown to be on the order of 1-2% (cf. Table 3.2, page 38).
As reported recently [Schanda et al., 2011a], the REDOR sequence is particularly sensitive to
remote protons (vide supra). Therefore, we compared order parameters and asymmetries ob-
tained from the 13CD2H sample to the 5% RAP sample of α-spectrin SH3, and yielded the same
values within the experimental error. In Figure 4.7, instead of the generalized order parameter,
the squared order parameter of the methyl symmetry axis, S2axis, is plotted, according to equation
4.7 (page 182).
Alanine residues are particularly interesting in terms of dynamics, as the methyl group directly
relates to backbone motions, since it is directly bonded to the Cα atom [Henry et al., 1986]. In
this manner, the spectroscopic advantages of methyl groups, as high sensitivity and resolution,
can be exploited to probe the backbone dynamics with improved experimental accuracy and
precision. As shown in Figure 4.7, the order parameter for the backbone Ala-13Cα and the
adjacent 13Cβ are, as expected, rather similar, for all alanine residues. The slightly smaller
order parameter for the 1Hβ,13Cβ dipole tensor of alanine is indicative of additional librational
motion of the 13Cα,13Cβ methyl rotation axis. Except for Val23, Val46 and Leu31, all methyl
groups in Figure 4.7 show small motional amplitudes. This is also hinted by small asymmetry
parameters.
The asymmetry parameter contains information about the anisotropy of the side chain motion
on the sub-microsecond timescale. Analytical equations to link the methyl order and asymmetry
parameter to a motional model were given by Schanda et al. [2011a]. To determine an expres-
sion for rotameric populations as a function of dipole anisotropy and asymmetry, two (three)
dipolar tensors were weighted by p1 and p2 = 1− p1 (p1, p2 and p3 = 1− p1− p2) and rotated
by 120◦ to each other to simulate a two-site (three-site) jump scenario. Prior to rotation, all
tensors were tilted by the tetrahedral angle 109.5◦. The principal components (eigenvalues) of
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Figure 4.7: Experimentally derived 1H,13C order parameters and asymmetries for backbone, side chain and methyl
resonances of α-spectrin SH3. For the backbone and side chain dynamics parameters, a 15% RAP sample was
employed. The parameters for valine and leucine methyl groups were obtained from a selectively Val/Leu methyl-
labeled 13CD2H sample of α-spectrin SH3, while alanine and threonine parameters were obtained, using a 5% RAP
sample, respectively. Valγ1/2, Leuδ1/2, Lysβ1/2, Lysγ1/2 S2 and η values were averaged. The error bar for the
average value x̄ was determined as ∆x̄ = σx + 12
√
(∆x1)2 +(∆x2)2, where σx is the standard deviation of the values
x1 and x2 and ∆x1 and ∆x2 are the experimental uncertainties. For methyl resonances, the squared order parameter
of the methyl rotation axis, S2axis, is plotted, according to equation 4.7 (page 182). A
1H,13C methyl bond length of
1.115 Å [Henry and Szabo, 1985, Ishima et al., 2001] was assumed. All employed values are given in the appendix
(page 215).
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the resulting tensor were ordered by the convention |Dyy| ≤ |Dxx| ≤ |Dzz|. The order parameter









with the trace Tr(D) = Dxx +Dyy +Dzz.
For the two-site jump model, the squared order parameter and the asymmetry were plotted as a
function of the population of one of the rotamers (Figure 4.6C, page 183). For equal populations,
the squared order parameter had its minimum at a value of 0.25, which was also yielded in the
backbone jump model (cf. Figure 4.5B), while the asymmetry value was maximal (η = 1). This
clearly shows, that changes in the populations have a significant influence on the experimentally
determined order parameter and asymmetry, and vice versa.
In the three-site jump model, shown in Figure 4.6D, the maximum of the asymmetry parame-
ter (η = 1) was yielded at equal populations, p1 = p2 = p3 = 13 , while the minimum of the order
parameter, S2 = 0.111, was consistent with the result from the Woessner model (cf. equation
4.6, page 181) [Woessner, 1962a].
In general, specific rotameric conformations are more likely than others, which is a result
of different rotational energy barriers for particular rotameric states. Typically, for leucine and
threonine side chains, rotations about two dihedral angles, χ1 and χ2, are possible. Jumps about
two or more axes cannot be unambiguously disentangled using only the order parameter and
the asymmetry of the methyl groups. However, specifically for leucine and threonine, only two
rotameric states are primarily populated [Lovell et al., 2000, Schanda et al., 2011a]. This could
be also derived from the MD trajectory for α-spectrin SH3 [Chevelkov et al., 2007c, Xue et al.,
2007]. Therefore, to first order approximation, the two-site jump model was expected to be
sufficient, to describe the leucine and threonine motion.
Except for Leu61 (cf. Table 7, page 224) and, especially, Leu31 (Figure 4.7), no substantial
methyl group mobility for the leucine residues in α-spectrin SH3 were observed. Leu31δ1/2
showed a very low squared order parameter, S2 = 0.14, averaged for both methyls. It should be
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noted, that this value falls below the lower limit of 0.25, postulated by the two-site jump model
(Figure 4.6C, page 183). This indicates, that additional librational motions of the methyl rotation
axes were present. In the crystal structure of α-spectrin SH3, accordingly, two rotamer confor-
mations were apparent for Leu31, clearly showing a displacement of the Cβ,Cγ axis (Figure
3.35B, page 87). Considering only the averaged asymmetry value for Leu31δ1/2 (η = 0.76),
population levels of 64% and 36% were yielded, respectively. In the future, these experimen-
tally derived population levels will be compared to values, extracted from MD simulations, with
long trajectory times of ≥ 1 µs to take account of the dynamic timescale, which is affecting the
dipolar coupling tensor. In addition, any type of displacement of the methyl axis, relative to a
fixed molecular frame, can be detected by the MD trajectory.
Interestingly, the Leu61δ1 methyl group displayed a significantly reduced squared order pa-
rameter (S2 = 0.37), but an unexpectedly small asymmetry (η = 0.09), pointing to population
levels of 6% and 94%, respectively. It seems that, librational motions of the methyl axes are
dominant, while rotameric jumps have a negligible influence. Again, comparison to MD data
might allow for a more detailed analysis of the side chain mobility. The threonine methyls in
α-spectrin SH3 are rather rigid on the sub-µs timescale (Figure 4.7, page 186). Only Thr4γ2
was highly dynamic (S2 = 0.01), which is expected, as it is located in the flexible N-terminus.
For valine methyl groups three different rotameric states are expected, gauche(-) (χ1 =−60◦),
gauche(+) (χ1 = 60◦) and trans (χ1 = 180◦), which can be interconverted by 120◦ rotations
around χ1 [Lovell et al., 2000, Schanda et al., 2011a]. We only detected significant dynamics
for Val23 and Val46 (Figure 4.7, page 186), as well as for Val58 (Table 7, page 224). The
dynamic property of Val23 can also be observed by 2H line shape analysis, as reported earlier
[Hologne et al., 2006, 2005]. Even though a slightly faster timescale is probed by 2H, we ob-
tained the same asymmetry parameters, using REDOR dipolar dephasing curves. However, the
methyl groups of Val46 could not be analyzed by 2H experiments, as Val46 is too mobile to
yield sufficient sensitivity, during the 2H,13C cross polarization (CP) magnetization transfer. On
the contrary, scalar INEPT-based transfers were used here for the REDOR experiments, which
particularly yields high sensitivity for mobile residues. It should be noted, that scalar magnetiza-
tion transfer experiments, which require long coherence life times, were enabled by deuteration,
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employing the RAP labeling scheme. Alternatively, high-power decoupling could be employed,
using uniformly protonated samples [Tian et al., 2009, Tang et al., 2010], which, however, still
yields shorter apparent T2 times, as compared to deuterated samples [Linser et al., 2008, 2010,
2011b], and might damage the probe, as well as the sample, due to heating effects induced by
the high-power rf decoupling.
In principle, two rotameric states for Val23 and Val46 are visible in the X-ray strucutre of
α-spectrin SH3 (Figure 3.35B, page 87). For Val58, no rotamers were apparent in the X-ray
structure, as the population of the second rotameric state was too low. However, the MD trajec-
tory revealed the presence of two populated states for Val58 (80% and 20%, Figure 3.35C, page
87). The REDOR experiments yielded a significant asymmetry parameter of η = 0.20, which
corresponds to similar population levels (87% and 13%).
Val23 and Val46 showed three rotameric states in the MD trajectory (Figure 3.35B, page
87). Applying the three-site jump model (Figure 4.6D, page 183) yielded population levels of
62%, 27% and 11% for Val23 and 47%, 26% and 26% for Val46, respectively, using the exper-
imentally determined order and asymmetry parameters (Figure 4.7, page 186). For Val46 the
experimental population levels differ from the MD derived values (85%, 10%, 3%). This might
be attributed to insufficient sampling of the MD trajectory, as it was only recorded for 91 ns and,
as mentioned before (vide supra), Val46 is most probably undergoing slow dynamics on the µs
time scale, since it is not detectable by CP experiments. However, the rotameric populations ex-
tracted from the MD trajectory of Val23 matched the experimental parameters rather well (62%,
27%, 11%). Therefore, we back-calculated a REDOR dephasing curve, using the dihedral an-
gles and rotameric populations from the MD simulation, which yielded a good agreement to the
experimental curve. The agreement between simulation and experiment might be improved by
a longer trajectory and incorporation of librational motions of the methyl axes. If all types of
motions are considered, then ideally, the simulation can be performed assuming a fixed value for
the dipolar coupling anisotropy of δrigid× |P2 (cosβ )| = 13 δrigid (for ideal tetrahedral geometry
with β = 70.5◦).
The distribution of Alaβ, Thrγ2, Valγ1/2, Leuδ1/2 and Metε methyl order parameters, S2axis
(equation 4.7, page 182), is shown in Figure 4.8. As stated above, the order parameter decreases
189
4 Discussion and Conclusions
for longer side chains, indicating an enhanced mobility. A similar distribution of methyl order
parameters was reported by Best et al. [2004], employing order parameters derived from MD
simulations for 18 different proteins.
Figure 4.8: Distribution of methyl S2axis order parameters for α-spectrin SH3. Normal distributions for Alaβ, Thrγ2,
Valγ1/2, Leuδ1/2 and Metε were plotted, using S2axis average values and standard deviations, respectively. Here, the
order parameters obtained for the 5% RAP sample were employed (Table 7, page 224).
Order and asymmetry parameters were also determined for non-methyl side chains, as for
Lys60, shown in Figure 4.7 (page 186). The order parameter decreases, while the asymmetry in-
creases, as more rotameric states become populated. If the side chain rotations are not sterically
hindered, then a decay of the squared order parameter S2 by a factor of [P2 (cosβ )]
2 = 0.111
(β = 70.5◦) is expected, moving along the side chain from the backbone to the terminal carbon
(equation 4.9, page 184). In principle, experimentally determined order parameters, which are
higher than these limiting values, indicate sterical hindrance of the side chain. In Figure 4.6B
(page 183), the order parameters for Lys60 were plotted, next to the limiting values. Even though
the order parameter significantly decreases along the side chain, the sterical hindrance of free
diffusion becomes apparent, which was also reported earlier for this residue [Xue et al., 2007].
Determination of order parameters and asymmetries as a function of temperature will also allow
to estimate activation energies for side chain rotations [Lee and Wand, 2001, Lee et al., 2002,
Latanowicz, 2005, Igumenova et al., 2006, Song et al., 2007, Xue et al., 2007]. However, to
determine a more detailed view of the side chain motional modes, in the future, order parame-
ters and asymmetries along the chain will be combined to reduce the degeneracy of the motional
interpretation, accompanied by analysis of single dipolar bond vectors. For that purpose, the
here introduced RAP labeling scheme is superior to earlier reported labeling schemes in the
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solid-state, as it enables the access to the dynamics parameters for all aliphatic sites, using one
sample.
In general, side chain order parameters can also be obtained computationally by MD simula-
tions [Hu et al., 2005, Watanabe et al., 2013] or experimentally by solution-state NMR, using
chemical shifts [Hansen and Kay, 2011], scalar couplings [Chou et al., 2003, Kraszni et al.,
2004, Tugarinov and Kay, 2004b] or RDCs [Mittermaier and Kay, 2001], respectively. These
techniques could be applied as well to α-spectrin SH3. However, generally, these approaches
require either high resolution structures or soluble proteins. Both are rather limited for large
macromolecular complexes or insoluble, but biologically relevant, aggregates. These types of
systems are accessible, however, by solid-state NMR spectroscopy. The here introduced solid-
state NMR approaches for determination of protein dynamics were validated with the model
system α-spectrin SH3 and will be applied in the future to other biological systems, as amyloid
fibrils (cf. section 4.1.3, page 168).
4.1.5 Fast time scale motions probed by T1 relaxation experiments in the
solid-state
Spin relaxation is particularly sensitive to ps-ns motions, which can be probed by T1 relaxation
experiments [Kuhlmann et al., 1970, Allerhand et al., 1971, Kay et al., 1989, Mittermaier and
Kay, 2006]. Nuclear relaxation is essentially induced by the motional modulation of the dipolar
coupling to the directly bound proton and by Chemical Shift Anisotropy (CSA). The T1 times
are related to the 1H,X (X = 13C, 15N) dipolar coupling anisotropy d, the CSA c, and the spectral
density function Jm(ω) (cf. equation 3.31, page 97) [Torchia and Szabo, 1982, Kay et al., 1989,
Abragam, 1961].
The CSA is determined by the difference of the parallel and perpendicular components of the
chemical shift tensor and accounts for about 30-50% of 15N backbone T1 relaxation, whereas
insignificant CSA contributions in the range of 2-7% are expected for 13Cα at currently available
external magnetic fields (Figure 3.40A, page 98). For the analysis of backbone T1 relaxation
data, in principle, the CSA for all sites must be known, since the CSA varies strongly along
the primary sequence [Tjandra and Bax, 1997a, Fushman et al., 1998, Wylie et al., 2009, 2011].
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However, due to its small contribution to 13Cα T1 relaxation at currently available B0 fields, CSA
can be safely neglected and elaborate experimental approaches can be omitted. This indicates a
methodological advantage of studying 13Cα over 15N backbone T1 relaxation.
Figure 4.9: Comparison of T1 relaxation for backbone resonances in solution and in the solid-state, employ-
ing equations 1T1,X =
d2
10 [J0(ωH ωX )+3J1(ωX )+6J2(ωH +ωX )]+
2
15 c
2J1(ωX ) (with X =13C, 15N) and J(ω) =




















[Kay et al., 1989, Clore
et al., 1990b]. S2, τr and τ f were set to 0.8, 6.0 ns and 0.01 ns, respectively, assuming an external magnetic field of
14.1 T (1H Larmor frequency of 600 MHz). Solution- (left) and solid-state (right) 13Cα T1 times were plotted as a
function of the slow correlation time and order parameter, respectively. Clearly, very small variations were obtained
for solution-state T1 times, whereas solid-state T1 times can be very different depending on the parameters for fast
and slow local motions.
The most established approach to analytically link motional amplitudes and correlation times
with spin relaxation was formulated by Lipari and Szabo [Brown, 1982, Lipari and Szabo,
1982a,b, Brown, 1984], which is referred to as the Model-Free Formalism (MFF). It was fur-
ther extended by Clore et al. [1990b] to account for two time scales of internal motions. The
extended model-free approach was employed in the present thesis. Further details are discussed
in the respective section (3.5, page 97).
In the solid-state, molecular tumbling is absent and, therefore, relaxation is only determined
by internal dynamics, as opposed to proteins in solution, in which significant contributions to
relaxation originate from molecular tumbling (Figure 3.40B, page 98). As a consequence and
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as illustrated in Figure 4.9, T1 times vary only marginally in solution, whereas variations of
roughly up to two orders of magnitude can be found in the solid-state. This result encouraged
us, to determine T1 relaxation times in the solid-state, as it is much more sensitive to internal
dynamics, compared to molecules in solution.
In order to theoretically interpret the 13Cα T1 times in the solid-state, two major obstacles have
to be overcome. One is the orientational dependency of the spectral density function Jm(ω) and
the other 13C,13C spin diffusion, promoted by a strong 1H,1H dipolar coupled spin bath [Krushel-
nitsky et al., 2006, Giraud et al., 2007, Lewandowski et al., 2010]. As discussed by Torchia and
Szabo [1982], the spectral density function in the solid-state is dependent on the crystallite ori-
entations and, thus, magic angle spinning must be taken into account. That way, T1 times in the
solid-state become orientation dependent and yield, in principal, a multi-exponentially decay-
ing relaxation function. However, it was suggested [Torchia and Szabo, 1982], to fit the initial
slope by a mono-exponential function, which directly provides orientation-independent powder
and MAS averaged T1 times, similar to solution-state. More rigorous treatments of relaxation in
the solid-state, performing explicit calculations, yield only small deviations from the initial slope
approximation [Lipari and Szabo, 1981, Giraud et al., 2005]. Furthermore, it was shown, that for
15N backbone order parameters with S2 exceeding 0.7, the diffusion-in-a-cone approach, using
the “explicit average sum” treatment [Giraud et al., 2005], displays marginal differences to re-
laxation times derived by a model-free treatment, respectively [Schanda et al., 2010]. Therefore,
the model-free treatment remains valid for interpretation of solid-state relaxation parameters
[Skrynnikov, 2007, Chevelkov et al., 2009b, Schanda et al., 2010].
In contrast to relaxation, which is based on motional modulations of dipolar, CSA or quad-
rupolar interactions at the Larmor frequency of the respective spin, spin diffusion is a dipole-
mediated coherent mechanism. Both, however, affect the measured T1 times. To obtain inco-
herent, solely dynamically determined T1 times, fast spinning at the magic angle was proposed
[Lewandowski et al., 2010], since spin diffusion scales inversely with the MAS frequency [Kubo
and Mcdowell, 1988, Lange et al., 2003]. However, spinning only at 60 kHz is still not suffi-
cient to eliminate spin diffusion in uniformly protonated and 13C labeled proteins. This was
demonstrated for the uniformly protonated GB1 protein by recording 13C,13C PDSD spectra
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[Lewandowski et al., 2010], which showed numerous cross peaks within the aliphatic region,
clearly revealing the presence of spin diffusion at 60 kHz spinning. In addition to fast spinning,
deuteration can be employed, which chemically suppresses spin diffusion [Krushelnitsky et al.,
2006, Giraud et al., 2007, Lewandowski et al., 2010]. The application of deuteration to improve
spectral sensitivity and resolution was discussed previously (section 4.1.1, page 161 and section
1.2, page 7).
A further potential mechanism, distorting experimentally observed T1 relaxation times, is
Paramagnetic Relaxation Enhancement (PRE), induced by paramagnetic impurities in the crys-
tal lattice. Hereby, the dipolar interaction between unpaired electrons and the nuclear spin
severely reduces the nuclear T1 relaxation times [Rollin and Hatton, 1948, Bloembergen, 1949,
Linser et al., 2007, Clore and Iwahara, 2009, Wickramasinghe et al., 2009, Panich and Furman,
2012]. For example, for a CaF2 crystal the theoretical and experimental 19F T1 times deviate
by a factor of about 106, owing to PRE by paramagnetic impurities in the crystal [Bloember-
gen, 1949]. However, in the present study, the α-spectrin SH3 protein was crystallized from
solvent. Thereby, the potential paramagnetic impurities were dissolved by water molecules.
Rapid tumbling of the solubilized paramagnetic atoms reduces their PRE in the microcrystals.
That way, the PRE effect in α-spectrin SH3 microcrystals was assumed to be on a similar or-
der as for solvated α-spectrin SH3. This assumption is supported by a recent study, which
revealed a high similarity [Agarwal et al., 2008], when comparing α-spectrin SH3 13C methyl
T1 times in the solid- and the solution-state, respectively. As Molecular Dynamics (MD) sim-
ulation is a complementary tool for the determination of protein dynamics, experimental T1
relaxation times of soluble proteins were compared to relaxation times, derived from MD tra-
jectories [Prompers and Bruschweiler, 2002, Chen et al., 2004, Nederveen and Bonvin, 2005,
Showalter and Brüschweiler, 2007]. In general, a good correlation was obtained, which further
confirms, that the influence of paramagnetic impurities can be neglected for the present study.
The herein introduced Reduced Adjoining Protonation (RAP) labeling scheme yields uni-
formly 13C labeled proteins in a deuterated matrix and is, therefore, ideally suited for determi-
nation of aliphatic 13C T1 times of a protein and at the same time facilitates the application of
1H detection schemes to improve the experimental sensitivity. In contrast to 15N spectroscopy,
194
4.1 Reduced Adjoining Protonation (RAP) labeling scheme
which primarily targets the amide backbone, the aliphatic spectrum includes backbone as well
as side chain resonances.
The backbone 13Cα T1 times of all samples, employed in the thesis, are shown in Figure
4.10A-F. In general, the T1 times increase with higher levels of deuteration, sparsely 13C label-
ing and fast magic-angle spinning. Comparing Figure 4.10D with Figure 4.10E reveals, that at
50 kHz spin diffusion was still not entirely suppressed using the 15% RAP sample. This ob-
servation is supported by the detection of cross-peaks in the respective PDSD spectrum (Figure
3.47C, page 113). Higher levels of protonation and lower MAS frequencies, as for the 25% RAP
sample spun at 24 kHz (Figure 4.10F), almost unified the 13C backbone T1 values, which ham-
pers their interpretation in terms of dynamics. These results show with a high evidence, that the
previously proposed approach of obtaining 13C T1 times at 60 kHz, using uniformly protonated
protein samples [Lewandowski et al., 2010] cannot be employed to quantify protein dynamics,
as the relaxation data is severely perturbed by coherent effects. Even the highly proton diluted
15% RAP sample displayed significant spin diffusion at 50 kHz MAS and mixing times in the
range of the T1 relaxation times. This indicated, that, next to protons, spin dilution of carbons
was required to reduce 13C,13C spin diffusion and render the T1 decay mono-exponential (cf.
Figure 3.45, page 111, Figure 3.46, page 112, Figure 3.48, page 116). Therefore, the 10%
RAP-glycerol sample was used for the quantification of dynamics throughout the thesis.
Comparing the 13C T1 values for the 10% RAP-glycerol sample at 50 kHz MAS, recorded at
an external magnetic field of 500 MHz (11.7 T) and 850 MHz (20.0 T), revealed, that on average
the T1 values at the higher field were significantly longer. The average 13C T1 time at 500 MHz
and 850 MHz were 11.0 s and 17.9 s, respectively. For a more detailed view, theoretical 13C
T1 times were calculated as a function of the fast motional correlation time, τ f , using equation
3.51 (page 102). Setting the slow motion order parameter S2s to 1.0, showed almost no difference
in the calculated T1 values at both employed fields (500 MHz, black, solid, and 850 MHz, red,
dashed), while changing τ f from 1 ps to 100 ps (Figure 4.10G). This indicated, that the T1
contribution from the fast time scale of motion within its typical time scale is very small. Fast
correlation times are usually shorter than 50 ps (vertical line in Figure 4.10G) and, in this range,
negligible [Clore et al., 1990b,a, Stone et al., 1992, Barchi et al., 1994].
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Figure 4.10: Backbone 13Cα T1 times for a 10% RAP-glycerol, 15% and 25% RAP-glucose sample of α-spectrin
SH3 at an external magnetic field of 11.7 T, 16.4 T, 20.0 T (500 MHz, 700 MHz, 850 MHz) and a MAS frequency
of 15 kHz, 24 kHz and 50 kHz, respectively. The plots (A-F) were ordered by the employed 1H concentration and
the MAS frequency (values given in the respective figure title). The T1 errors were estimated from Monte Carlo
simulations, setting the measuring uncertainty of the intensities to two times the standard deviation of the noise. The
dashed horizontal line depicts the average T1 value over all residues. The secondary structure elements are indicated
by gray bars. In (G), the 13C T1 time was plotted, as a function of the fast motional correlation time τ f . Two different
external magnetic fields were employed, with 1H Larmor frequencies of 500 MHz (11.7 T) and 850 MHz (20.0 T), as
well as two different values for the squared slow motion order parameter S2s , 1.00 and 0.99, respectively. The vertical
line depicts the τ f value at 50 ps. The slow motional correlation time, τs, was set to 10 ns and the generalized order
parameter, S2, to 0.8. In (H) the T1 difference, ∆T1 = T 20.0 T1 T
11.7 T
1 , was plotted as a function of the slow order
parameter and the fast correlation time for two values of τs, 10 ns (left) and 100 ns (right), respectively. For (G-H)
the spectral density function in the solid-state, given by equation 3.51 (page 102), was assumed [Chevelkov et al.,
2009b].
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The difference of T1 at both fields, ∆T1 = T 20.0 T1 −T 11.7 T1 , might be employed as an indicator
of slow motions, when the fast correlation time τ f is smaller than 50 ps. In the case of absence
of slow motions (S2s = 1.0), ∆T1 is equal to zero. This is the case, for example, for the
1Hα,13Cα
backbone dynamics of Val9 in α-spectrin SH3, which showed a difference ∆T
13C
1 of -0.87 s
and yielded a high slow motion order parameter (S2s = 0.991) (cf. Table 11, page 232). This
was also validated by the 1HN,15N backbone dynamics data of Val9, which yielded S2s = 0.968,
however, ∆T
15N
1 was equal to 15.21 s, which is unexpectedly high (cf. Table 12, page 233).
Looking at theoretical curves showed, that slightly increasing the amplitude of the slow motion
by setting S2s = 0.99 yields significant T1 differences (∆T1 > 0, Figure 4.10G, 500 MHz, gray,
solid, and 850 MHz, blue, dashed). Therefore, a quantification of the amount of slow dynamics,
only relying on the difference of the T1 values, is rather limited, as variations of both correlation
times induce large changes in ∆T1 (Figure 4.10H).
Instead, we performed a grid search over the physically meaningful parameter space for S2s ,
τs and τ f within the extended Model-Free Formalism [Clore et al., 1990b] (described in section
3.5.3.1, page 115), employing the here obtained 1H,13C T1 times and order parameters, using
α-spectrin SH3 RAP samples. For comparison, additionally, 1HN,15N backbone dynamics pa-
rameters were determined, using published experimental values [Chevelkov et al., 2007a, 2008,
2009a,b]. The uncertainties of the parameters were estimated by Monte Carlo simulations.
The results for both backbone probes are summarized in Figure 3.55 (page 128). Large er-
ror bars were yielded for both 1Hα,13Cα and 1HN,15N backbone, especially for the correlation
times, which indicates, that they are less affected by T1 in comparison to order parameters. Fur-
thermore, uncertainties of multiple experimental variables, as T1, generalized order parameter
and η (only for 1HN,15N), accumulate in the fitted dynamics parameters. Therefore, the com-
parison of 1Hα,13Cα and 1HN,15N dynamics will be based on the best fit, instead of the Monte
Carlo average values.
In Figure 4.11A-C (left column), the best fit values for S2s , τs and τ f were plotted as a function
of the residue number of α-spectrin SH3, while error bars were omitted for the sake of clarity.
As the availability of dynamics parameters for the same residue in both datasets (1Hα,13Cα and
1HN,15N) was limited, the trend of the dynamics parameters along the protein primary sequence
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Table 4.1: Overview of the generalized order parameter, S2 (cf. Figure 4.4, page 175), and the fitted dynamics
parameters, S2s , τs and τ f , for the
1Hα,13Cα and 1HN,15N backbone probes of α-spectrin SH3. x̄ and x̃ are the















was rather compared, which in turn showed common characteristics. Similar trends for both
backbone probes were obtained, especially for the slow order parameter (Figure 4.11A) and
slow correlation time (B), while the fast correlation time displayed a number of deviations (C).
Larger variations of the fast correlation times were, however, expected, as they exhibit a broad
convergence profile due to their small contribution to the T1 time for motions on the respective
time scale (Figure 4.10H).
The average S2s , τs and τ f values for the
1Hα,13Cα and 1HN,15N backbone of α-spectrin
SH3 are given in Table 4.1. In general, the dynamics parameters for the 1HN,15N backbone
pointed towards faster motions, compared to 1Hα,13Cα, as indicated by the fact, that the order
parameters, as well as the motional correlation times on both time scales displayed smaller
values. Accordingly, it was shown by MD simulations in combination with NMR data, that, as
compared to Cα, amide groups have a higher degree of motional freedom, since the N,C’ plane,
enclosed by Cαi and Cαi−1, can rotate around the Φi,Ψi−1 dihedral angles, inducing only little
disturbance to adjacent residues [Fadel et al., 1995, Smith et al., 1995, Bouvignies et al., 2005].
To further validate the experimentally obtained differences between the motional 1Hα,13Cα
and 1HN,15N backbone parameters of α-spectrin SH3, we compared the experimental results to
MD-derived dynamics parameters of the crystalline Bovine Pancreatic Trypsin Inhibitor (BPTI)
protein, which were reported by Smith et al. [1995]. In general, the angular correlation function
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Figure 4.11: In the left column, the best fit values, obtained for (A) S2s , (B) τs and (C) τ f , using α-spectrin SH3
1Hα,13Cα and 1HN,15N backbone relaxation data and order parameters, were plotted as a function of the primary
sequence. The values are given in the appendix (Table 11, page 232 and Table 12, page 233). In the right column, MD-
derived motional parameters for the Hα,Cα and HN,N backbone of the Bovine Pancreatic Trypsin Inhibitor (BPTI)
protein were plotted as a function of the residue number. The total MD trajectory time was 1 ns. The values were
taken from Smith et al. [1995]. The secondary structure elements for α-spectrin SH3 and BPTI are indicated by gray
bars.
199
4 Discussion and Conclusions
for the Hα,Cα or HN,N backbone, is defined as [Chatfield et al., 1998]
CI(t) = 〈P2 [µ̂ (τ) · µ̂ (τ + t)]〉, (4.12)




, and the time-dependent interatomic
unit vector along the H,X (X = Cα, N) bond, µ̂ , respectively. Using the correlation function in















[Lipari and Szabo, 1982a]. To take account of fast and slow motions of the BPTI backbone, the
extended MFF was employed for the internal correlation function, which is given by









[Clore et al., 1990b]. Similar to fitting experimental T1 data, S2s , τs and τ f can be obtained by a
χ2 minimization, using the MD trajectory of BPTI and equation 4.15 [Smith et al., 1995].
In Figure 4.11A-C (page 199, right column), all MD-derived S2s , τs and τ f values for Hα,Cα
and HN,N of BPTI were plotted. As for the solid-state NMR-derived parameters of α-spectrin
SH3, the slow order parameter and the slow correlation time showed very similar trends, with
an offset to faster motions for the HN,N backbone. A smaller correlation of τ f values was
yielded, which is in accordance with α-spectrin SH3. It should be noted, that the MD-derived
motional correlation times were limited by the total MD trajectory time of 1 ns. As hinted
by the experimental correlation times, which were up to three orders of magnitudes larger for
α-spectrin SH3 as compared to the BPTI simulation, a significantly longer MD trajectory is
required, to reproduce the experimental T1 times. Therefore, the existing 91 ns trajectory of
α-spectrin SH3 [Chevelkov et al., 2007c, Xue et al., 2007] has to be extended, in the future, to at
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least 1 µs to allow for more substantiated conclusions about protein dynamics in the crystal
lattice. To minimize systematic errors on the experimental side, the 1HN,15N backbone T1,
1HN,15N dipole-dipole / 15N CSA cross-correlated relaxation rates and order parameters will
be re-determined at a MAS frequency ≥ 40 kHz to reduce coherent contributions. Furthermore,
for the experimental evaluation of the 1HN,15N backbone order parameters, accordingly, INEPT-
based REDOR experiments will be employed.
The χ2 convergence profile for 1HN,15N backbone resonances was more beneficial compared
to 1Hα,13Cα, as additional, orthogonal data from 1HN,15N dipole-dipole / 15N CSA cross-
correlated relaxation rates was incorporated into the fitting procedure [Chevelkov et al., 2007a,
2009b]. Similar experiments are more difficult for the 1Hα,13Cα backbone, particularly in uni-
formly 13C labeled samples, as the backbone 13Cα is directly bonded to 13C’ and 13Cβ (for
non-glycine residues), which complicate the spectra and the determination of cross-correlated
relaxation rates. In principle, 13Cα-selective pulses can be employed to simplify the rate de-
termination, however, long pulses relative to the apparent 13Cα T2 times [Tang et al., 2010] are
necessary, which reduce the achievable spectral sensitivity. As high MAS frequencies elongate
the apparent 13C T2 times (cf. Figure 3.17, page 55), we expect, that experiments for obtaining
1Hα,13Cα dipole-dipole / 13C’ CSA cross-correlated relaxation rates [Yang et al., 1997a, 1998a,
Sprangers et al., 2000] become feasible, combining RAP samples, high external magnetic fields
and fast spinning.
Even though the 1HN,15N backbone data showed a distinct minimum on the χ2 grid for≈70%
of the residues, still ≈30% of the residues were non-converging and could not be fitted reli-
ably. However, as suggested by the similarity of dynamics parameters at the Hα,Cα and HN,N
backbone sites (Figure 4.11, page 199), a joint fit of experimental 1Hα,13Cα and 1HN,15N dy-
namics parameters was assumed to be valid. In this manner, incorporation of experimental
1Hα,13Cα dynamics data, improved the fitting convergence of the otherwise non-converging
1HN,15N residues and allowed to determine unambiguous motional parameters (cf. Figure 3.54,
page 126).
As all aliphatic sites are detectable in RAP samples (cf. Figure 4.2, page 166), side chain T1
times were obtained, in addition to the backbone. For an overview, all experimentally determined
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4.1 Reduced Adjoining Protonation (RAP) labeling scheme
13C T1 times, using the 10% RAP-glycerol and the 15% and 25% RAP samples of α-spectrin
SH3 were plotted in Figure 4.12. The T1 times ranged from≈0.5 s to≈30 s. The longest T1 times
were determined for 13Cα backbone, and the shortest for 13C methyl resonances, respectively.
For proteins in solution, however, the situation is reversed, 13C methyl resonances yield longer
T1 times than the backbone.
In the solution-state, essentially molecular tumbling induces 13Cα backbone relaxation. Ne-
glecting internal motions, the spectral density function at the frequency ω for a dissolved,





with the rotational correlation time τr. However, methyls rotate rapidly about their threefold




























in which α ≈ 0.111 (θHCC = 109.5◦ for ideal tetrahedral geometry) and τ f is the motional cor-
relation time of the fast methyl rotation.
The T1 time of a 13Cα backbone and a 13C methyl resonance was calculated using equation
4.16 and 4.17, respectively, and plotted in Figure 4.13. As can be seen in Figure 4.13A, solution-
state 13C T1 times for methyls were longer as for the backbone, employing typical fast methyl
rotational correlation times of a few picoseconds. Here, methyl T1 curves were generated, set-
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Figure 4.13: Comparison of 13C backbone and methyl T1 relaxation. For the simulations, the spectral density func-
tions given by equation 4.16 and 4.17 (S2f = 1, unless stated otherwise), respectively, were employed. The T1 times
were calculated by equation 3.31 (page 97). To take account of the number of attached protons to a methyl group,
equation 3.31 was multiplied by three. In (A) the T1 time for a backbone and methyl carbon was calculated as a
function of the rotational correlation time, τr. For the methyl relaxation, two curves were plotted, setting the fast
correlation time, τ f , either to 10 ps (red) or 20 ps (blue), respectively. (B) The methyl 13C T1 time was simulated
as a function of τr and τ f . (C) Methyl T1 times in a solid molecule (τr → ∞) as a function of τ f and S2f . For all
simulations the external magnetic field was set to 14.1 T (600 MHz).
ting τ f to 10 ps (red) or 20 ps (blue), respectively. Generally, methyl T1 times decrease with
increasing τ f (Figure 4.13B).
In the solid-state the situation is different due to the absence of molecular tumbling. Since
τr → ∞, the backbone 13Cα T1 time is, in principle, infinitely long, disregarding internal back-
bone dynamics. However, inherent fast methyl rotations remain in the solid-state and cause
relaxation, as illustrated in Figure 4.13C. Therefore, in the solid-state, 13C T1 times for methyls
are typically shorter, than for the 13Cα backbone, which was also found experimentally (Figure
4.12).
The impact of S2f on the methyl
13C T1 relaxation times is negligible, as opposed to the fast
correlation time τ f (Figure 4.13C). That way, the methyl T1 time in the solid-state allows for
direct quantification of τ f (cf. Figure 3.56, page 130), whereas for solubilized proteins, the
rotational correlation time τr has to be determined as well [Agarwal et al., 2008].
Methyl dynamics parameters were obtained by fitting the experimental T1 times, using the
spectral density function in equation 3.67 (page 117). The correlation time for fast motions,
τ f , was the only fitting parameter, as the order parameter was experimentally determined (cf.
Figure 3.39, page 96), which allowed unambiguous fitting of the methyl data. Typical fast
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correlation times of tens of picoseconds were obtained (cf. Figure 3.56, page 130) [Richarz
et al., 1980a, Ishima et al., 2001, Skrynnikov et al., 2002, Agarwal et al., 2008]. However, the
determination of dynamics parameters for methine and methylene residues was hampered, as
the χ2 minimization displayed an insufficient convergence profile for most of the residues (cf.
Figure 3.56, page 130). In the future, to obtain dynamics informations from complementary
experiments, 2H T1 [Batchelder et al., 1982, 1983, Muhandiram et al., 1995, Millet et al., 2002,
Skrynnikov et al., 2002, Sheppard et al., 2009], as well as 1H,13C-1H,13C dipole-dipole cross-
correlated relaxation experiments can be carried out [Yang et al., 1998b, 1999, Carlomagno
et al., 2001, Schwalbe et al., 2001]. In principle, both experiments are enabled by the herein
introduced RAP labeling scheme, as protonated and deuterated methine and methylene moieties
are present in RAP samples (cf. Figure 3.4, page 37).
The presented dynamics parameters of α-spectrin SH3 can, in principle, be obtained from
solution-state NMR spectroscopy. However, the here established approach for the determination
of ps-ns dynamics will be applied to other biological systems, which exceed the tumbling limit
of solution-state NMR, to gain insight into functional activity and assembly of large, insoluble
biomolecules, as membrane proteins and fibrils (cf. section 4.1.3, page 168).
4.2 Protein-RNA complexes in the solid-state
Biomolecular solid-state NMR spectroscopy primarily pivots on proteins, while, so far, RNA or
DNA samples were merely studied [Riedel et al., 2006, Cherepanov et al., 2010, Huang et al.,
2010, Jehle et al., 2010a, Huang et al., 2011b, Sergeyev et al., 2011], which is largely attributed
to the lack of protocols for sample preparation [Huang et al., 2012]. Furthermore, as RNA/DNA
sequences are encoded by only four nucleobases, a significantly higher degeneracy and spectral
overlap is expected as compared to proteins, which are encoded by twenty different amino acids.
Ribonucleic acids play a major role in cellular processes. Here, we investigated the archaeal
L7Ae-box C/D protein-RNA complex of Pyrococcus furiosus (PF). The complex is part of a
small ribonucleoprotein (sRNP) particle, which is involved in 2’-O-methylation of ribosomal
RNA to induce correct folding. High-resolution structures are only available for a homolog
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structure of Archaeoglobus fulgidus (AF) [Moore et al., 2004], however, yielding 62% sequence
homology to the L7Ae protein in PF, as determined by SWISS-MODEL [Peitsch, 1995, Arnold
et al., 2006, Kiefer et al., 2009].
The soluble complex was precipitated from a polyethylene glycol buffer by vapor diffusion,
following the precipitation protocol of Jehle et al. [2010a] (cf. Materials and Methods, page
28). Two different complexes were employed, either with protonated or deuterated uniformly
[13C,15N] labeled RNA, while the protein was u-[2H,15N] labeled in both cases. Already initial
13C- and 15N-detected 1D spectra indicated homogeneous sample preparations.
2D 13C,13C RFDR spectra revealed a high resolution for the RNA, as only the ribonucleotides
were 13C labeled, unlike the protein (Figure 3.64, page 142). A similar resolution was recently
reported for a 14-mer RNA hairpin, studied by MAS solid-state NMR [Cherepanov et al., 2010].
However, the RNA spectra published by Cherepanov et al. [2010] were not recorded for a solid,
but a frozen solution. Classical solid-state experiments, as cross polarization (CP), could not be
applied and furthermore 13C T1 times on the order of 200-300 ms were obtained, yielding overall
a very low sensitivity.
For the herein investigated protein-RNA complex, however, very efficient CP transfers were
achieved, which is supported by CP buildup curves (Figure 3.73, page 155). Additionally, bulk
13C T1 times were determined to be on the order of a few tens of seconds (Figure 3.65A, page
143), which is expected for a solid molecule.
As both the L7Ae protein and the 26-mer box C/D RNA were uniformly 15N-labeled, 1H-
detected 1H,15N correlation spectra were recorded, which showed all expected resonances from
protein and RNA (Figure 3.67A, page 147). RNA resonances displayed a lower resolution as
compared to the protein, which might be attributed to chemical exchange broadening of RNA
amino and imino resonances [Furtig et al., 2003], even though the effective sample temperature
was about 0 ◦C. However, protein resonances were rather narrow, again indicating sample ho-
mogeneity. The average 1H line width was about 100 Hz. Comparing the protein region of the
precipitated complex to a solution-state spectrum displayed a good overlap, suggesting a similar
fold in both states.
Supported by the high sensitivity and resolution, which is obtained for 1H-detected 1H,15N
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correlation experiments, a novel approach for the determination of the protein-RNA interface
was introduced. The 1H gyromagnetic ratio is about 6.5 times larger than the γ value for 2H
nuclei, therefore, the dipolar coupling in 2H,X spin pairs is severely reduced, as compared to the
corresponding protonated 1H,X pairs, respectively. To exploit this nuclear magnetic property,
1H,15N spectra were compared, using the 1H- and the 2H-RNA sample, referring to the L7Ae-
box C/D complex formed by employing either 1H,13C,15N or 2H,13C,15N labeled nucleotides.
That way, non-exchangeable carbon sites were either protonated (1HC) or deuterated (2HC),
respectively.
Since at the interface the protein and the RNA have the smallest distance to each other, in-
termolecular dipolar couplings between protein 1HN and RNA 1HC displayed a measurable in-
teraction, as the dipolar coupling is a function of r−3. These intermolecular couplings caused
dipole mediated line broadening and attenuated especially the protein resonances, which were in
the vicinity of non-exchangeable RNA protons. However, considering the same interaction site,
but using the 2H-RNA sample, showed a rather marginal interaction, due to the much smaller
γ value for 2H. Therefore, comparing the protein 1H,15N peak volume ratio, obtained for the
1H- and 2H-RNA sample, revealed the interaction site, since ratios smaller than one can only
be obtained for resonances, which are broadened by close RNA 1HC protons (Figure 3.68, page
148 and Figure 3.69B, page 149).
By employing numerical spin simulations, these peak volume ratios were related to abso-
lute 1HN(protein),1HC(RNA) distances, while yielding a high correlation to the experimental
distances determined by X-ray crystallography (Figure 3.69A, page 149 and Figure 3.72, page
153). Furthermore, orientational angles were obtained, which, however, were less correlated
due to a high angular degeneracy (Figure 3.70, page 151). To reduce the degeneracy, the angular
space was restricted to limits, derived from other known protein-RNA complexes. Here, we
considered only two additional protein-RNA complexes (Figure 3.71, page 152), however, the
analysis would benefit from including more complexes to identify the most common set of an-
gular limits. In principle, physical boundary conditions, as van der Waals radii, could be utilized
to restrict the distance as well as the angular search space a priori.
As the approach only requires 2D 1H,15N spectra from both complexes, it enables a very
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simple and fast access to the determination of protein-RNA interfaces. However, as the approach
is based on dipole mediated line broadening, the peak volume ratio obtained for both samples is
highly dependent on the MAS frequency, as shown by simulation in Figure 4.14. Fast spinning
yields efficient averaging of anisotropic interactions, as the dipolar coupling. Therefore, at high
spinning frequencies the peak volume ratio of the 1H- and 2H-RNA sample tends to one, which
simultaneously reduces the detection sphere for internuclear distances. To antagonize this effect,
active recoupling could be employed [Roberts et al., 1987, Gullion and Schaefer, 1989, Hohwy
et al., 2000, Zhao et al., 2001b, Dvinskikh et al., 2003]. In general, this approach yields only
distance and angular informations, it does not identify the interacting nuclei. In this way, solely
protein nuclei at the interface are identified, unlike the corresponding interacting RNA nuclei.
Figure 4.14: Simulated I[1H]/I[2H] ratio as a function of the 1HN-1HC/2HC distance. In the simulation, the MAS
frequency was varied from 20 kHz to 60 kHz, while all dipolar angles were constrained to zero. As expected, with
increasing spinning frequencies the ratio tends towards one due to a more efficient averaging of the dipolar coupling
Hamiltonian. The external magnetic field strength was set to 16.4 T (1H Larmor frequency of 700 MHz).
Additionally, the protein-RNA interface was probed by 1H,13C HETCOR experiments, in
which the dipolar coupling was actively recoupled via cross polarization (CP), employing long
contact times of several milliseconds (Figure 3.74, page 156). However, as the sensitivity was
limited due to 13C-detection, only one contact was determined between protein amide and RNA
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ribose, respectively. Despite the low sensitivity, the advantage of the HETCOR approach is, in
principle, the ability to identify protein as well as RNA resonances at the interface, as opposed
to the previously discussed method. However, a significantly higher sample amount would be
required for unambiguous identification of interacting nuclei at the protein-RNA interface.
Generally, to determine sequential RNA assignments, through-space magnetization transfers
have to be employed, as the sequence of NMR-active nuclei (13C, 15N, 31P) is interrupted by
NMR-inactive nuclei (17O), unlike for the protein backbone. Therefore, inter-residual RNA
through-space contacts have to be obtained, requiring an efficient dipolar recoupling sequence.
To obtain the optimal condition for 13C,13C mixing, PDSD and RFDR spectra were compared
(Figure 3.66, page 146). The RFDR sequence yielded the best mixing performance as the most
long-range contacts between the ribose and the base were detected, which enables the identifica-
tion of nucleobase spin systems. This is also supported by six spin simulations, which indicate,
that RFDR mixing allows to obtain inter-residual contacts within ≈3.7 Å (Figure 3.75, page
157).
For obtaining unambiguous RNA assignments, 1H,15N, 1H,13C and a 13C,13C spectrum were
combined, which yielded sequential assignments for a Ui,Gi+1 pair (Figure 3.76, page 159).
Again, the approach was essentially limited by the spectral sensitivity and, therefore, the sample
amount. To improve intra-residual assignments within the base, 13C,15N transfer experiments,
as TEDOR, could be employed, as suggested recently [Riedel et al., 2005].
In conclusion, we could show, that high-resolution spectra for a protein-RNA complex can
be obtained, using deuterated samples. To the best of our knowledge, this is the first time that
1H-detected 1H,15N correlation spectra of a protein-RNA complex are presented in the solid-
state. Initial RNA assignment experiments were shown, which can be improved by additional
dimensions. Furthermore, by introducing a novel approach for the determination of structural
parameters in the solid-state, we could identify the protein-RNA interface and extract distance
and orientational informations for the affected protein residues.
The fact, that the extinction of amide proton resonances in the 1H-RNA sample depends on
the distance and the relative orientation of the atom pairs, opens new possibilities for structure
calculation protocols. In addition to a distance restraint, an angular restraint can now be em-
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ployed for systems, for which only sparse data is available. This should make it possible to
determine complex structures with improved accuracy. These parameters can be incorporated as
restraints into an iterative structure calculation algorithm. We believe, that this approach can be
applied to other protein-RNA complexes, as well as to protein-ligand complexes in general. The
L7Ae-box C/D RNA complex served here as a model system. In the future, we aim to inves-
tigate fully assembled sRNP [Lin et al., 2011] complexes, which exceed the molecular weight
limit imposed by molecular tumbling, a current limitation in solution-state NMR applications.
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Proteins are involved in various biochemical processes, such as signaling, genome regulation
and catalysis [Ishima and Torchia, 2000]. Protein structural analysis is an essential step for the
understanding of their functional activity. Routinely, high-resolution structures are determined
by X-ray crystallography and NMR spectroscopy. However, these atomic resolution structures
only provide a static picture, which alone cannot fully explain the protein function [Kay, 1998].
To understand the interplay between protein structure and function, the determination of protein
dynamics becomes essential.
In this thesis, we introduced solid-state NMR methodologies to detect protein motions on the
sub-µs timescale. In particular, we were able to obtain 13C T1 relaxation times and 1H,13C order
parameters for all aliphatic sites, which was enabled by the here introduced Reduced Adjoin-
ing Protonation (RAP) labeling scheme. The application of the Model-Free Formalism (MFF)
[Brown, 1982, Lipari and Szabo, 1982a, Brown, 1984, Lipari and Szabo, 1982b, Clore et al.,
1990b] allowed us to determine internal correlation times, as well as model-independent order
parameters, which are a measure of motional amplitudes.
As discussed in section 4.1.4 (page 172), the model-free order parameter, S2, can be analyt-
ically interpreted within a motional model, as the diffusion-in-the-cone [Kinosita et al., 1977,
Lipari and Szabo, 1980, 1981] or the jump model [Wittebort and Szabo, 1978, Clore et al.,
1990a,b]. Alternatively, order parameters can be examined from a thermodynamic point of view
and related to conformational entropy (Sconf) [Akke et al., 1993, Li et al., 1996, Yang and Kay,
1996a, Yang et al., 1997b]. This can be readily understood, as the order parameter is a measure
for the range of structural states, which can be accessed by a specific bond vector [Stone, 2001].
Therefore, changes in the generalized order parameter, S2, for example, upon ligand binding,
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are indicative of changes in the range of accessible states and, thus, the conformational entropy
[Peng, 2012]. Assuming a diffusion-in-the-cone model for the motion of the bond vector, yields
for the conformational entropy [Yang and Kay, 1996b]









where kB is the Boltzmann constant. As the estimation of the entropy requires an assumption
of the nature of the bond vector, various physically reasonable models were suggested, which,
however, yielded consistent Sconf values within a factor of about two [Akke et al., 1993, Li
et al., 1996, Yang and Kay, 1996b, Stone et al., 2001]. More recently, Li and Bruschweiler
[2009] reported a “dictionary” to convert order parameters into side chain entropies, which was
derived from MD simulations for three different proteins. Parameters were obtained from 4 ns
and 100 ns subtrajectories, respectively. However, averaging over both, displayed no significant
differences. This hints, that the sub-µs timescale motions probed by the here suggested solid-
state NMR experiments, samples the necessary motional time window, which determines the
conformational entropy.
Moreover, in the context of protein binding, Wand and co-workers were able to show [Marlow
et al., 2010], that the conformational entropy, involved in forming the complex of the solubilized
calmodulin protein with peptide ligands, can be linearly correlated with NMR derived methyl
order parameters [Schwalbe and Rinnenthal, 2010]. By this, they introduced an “entropy meter”,
which can be used as a powerful tool for drug design, as these entropies cannot be determined
from static structures [Peng, 2012].
Allosteric folding processes and enzyme catalysis occur on a µs-ms timescale (cf. Figure
1.3, page 11). In this regard, Bruschweiler et al. [2009] were able to show, that allosteric signal
transmission is mediated by isoleucine side chains along the protein, using relaxation dispersion
experiments [Loria et al., 1999, Hansen et al., 2008, Korzhnev and Kay, 2008]. However, fast
nanosecond motions can also regulate dynamics on the slower microsecond timescale [Wand,
2001b,a, Mayer et al., 2003], as the correlation of fast internal motions may allow to overcome
activation barriers, which influences the kinetics of catalysis [Bruice and Benkovic, 2000, Os-
borne et al., 2001, Mayer et al., 2003]. Mayer et al. [2003] detected correlated internal protein
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motions, when studying the fast timescale 1HN,15N backbone dynamics of ten mutants of the
immunoglobulin binding domain of protein G. They analyzed the covariation of backbone or-
der parameters and motional correlation times, which revealed short- and long-range dynamical
correlations throughout the protein.
As solid-state NMR spectroscopy is not subject to size limitations, we believe, that the afore-
mentioned approaches to study the functional dynamics of proteins can be applied, in the future,
to large biomolecular complexes, such as membrane proteins and amyloid fibrils, which are not
easily accessible by X-ray crystallography or solution-state NMR. The similarity of internal
dynamics, comparing solubilized and microcrystalline proteins, encourages the determination
of dynamics in the solid-state [Chevelkov et al., 2007c, Agarwal et al., 2008, Chevelkov et al.,
2010]. Additionally, the absence of molecular tumbling in the crystal renders dynamics exper-
iments more sensitive to the nanosecond regime, while motions comparable or slower than the
tumbling of the solubilized protein remain undetected. The employment of different dynam-
ics probes, as also shown in the present work, enables the simultaneous detection of dynamics
occuring on different molecular axes. Here, we supplemented previously reported 1HN,15N
[Chevelkov et al., 2009b] with 1Hα,13Cα backbone, as well as aliphatic side chain dynamics
data. This is essential to determine a complete motional picture of the protein of interest, since
motions parallel to the 1HN,15N bond do not contribute to the 15N relaxation, as the motion does
not reorientate the bond vector with respect to the magnetic field [Kay, 1998]. To probe mo-
tions on a slower µs-ms regime, relaxation dispersion experiments were recently suggested for
microcrystalline proteins [Tollinger et al., 2012].
In total, we showed, that the combination of RAP labeling and fast spinning enables the detec-
tion of motionally determined relaxation parameters. The addition of further dynamics probes,
such as 2H, will support the unambiguous determination of the underlying motional model,
which can be complemented by MD derived parameters from long trajectories. In the future,
the investigation of dynamics in the solid-state will allow for better insight into the function and





Table 2: 1Hα,13Cα backbone chemical shifts obtained for a 15% RAP sample of the SH3 domain of chicken α-
spectrin at pH 7.5-8.5, employing a HCC experiment (cf. Figure 3.23, page 65). The experiment was carried out at
an external magnetic field of 16.4 T (700 MHz) and a MAS frequency of 18 kHz. Reproduced with kind permission
from Asami, S., et al., J. Biol. NMR, 2012, 52 (1), pp 31-39. Copyright 2012 Springer Science and Business Media.
DOI: 10.1007/s10858-011-9591-4.
i residue 1Hα 13C’ 13Cα 13Cβ 13Cγ
[ppm] [ppm] [ppm] [ppm] [ppm]
8 Leu8 4.90 177.2 53.6 - 25.3
9 Val9 4.77 172.8 58.2 35.1 19.6
10 Leu10 4.68 176.8 53.4 45.4 26.3
11 Ala11 4.12 178.1 53.3 18.8 -
12 Leu12 3.29 - 56.7 41.8 25.6
13 Tyr13 4.15 173.9 56.1 42.7 -
14 Asp14 4.10 176.4 55.4 41.1 179.6
15 Tyr15 4.03 172.7 61.0 42.9 -
16 Gln16 4.06 174.1 54.7 28.5 32.9
17 Glu17 3.70 175.9 56.9 29.9 33.9
19 Ser19 3.35 173.1 57.5 62.7 -
20 Pro20 3.91 177.2 66.3 31.2 26.5
22 Glu22 4.85 - 56.7 32.6 36.9
23 Val23 4.17 171.8 60.1 34.5 20.5
24 Thr24 4.88 174.4 62.4 71.1 20.7
25 Met25 4.52 173.6 54.7 35.5 30.7
Continued on next page
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i residue 1Hα 13C’ 13Cα 13Cβ 13Cγ
[ppm] [ppm] [ppm] [ppm] [ppm]
26 Lys26 4.46 174.9 54.3 33.3 -
27 Lys27 2.72 177.9 59.2 31.3 23.5
28 Gly28 3.94 173.6 45.6 - -
28 Gly28 2.99 173.6 45.6 - -
29 Asp29 4.30 - 55.9 41.7 179.4
31 Leu31 4.53 176.6 53.7 41.5
32 Thr32 4.15 173.8 63.4 68.8 22.2
33 Leu33 3.91 - 55.4 42.7 -
34 Leu34 4.21 177.3 55.7 - -
35 Asn35 4.26 174.6 54.8 39.7 175.6
36 Ser36 3.55 173.8 57.7 61.2 -
37 Thr37 3.63 176.2 65.6 70.0 21.7
38 Asn38 4.60 174.8 54.8 40.7 178.4
39 Lys39 3.72 176.3 59.1 32.0 22.8
40 Asp40 4.05 177.2 56.7 43.8 180.0
41 Trp41 4.50 174.6 56.7 - -
42 Trp42 5.10 174.2 54.3 - -
44 Val44 4.88 173.3 59.7 36.0 17.7
45 Glu45 4.83 - 55.6 33.2 36.9
50 Gln50 5.14 175.9 54.0 30.7 32.9
51 Gly51 3.48 170.6 46.4 - -
52 Phe52 5.12 175.4 59.7 41.9 -
53 Val53 4.25 172.7 59.1 32.8 16.2
54 Pro54 2.81 177.9 62.7 29.1 27.1
55 Ala55 2.13 178.9 55.1 14.7 -
Continued on next page
216
Table 2 – Continued from previous page
i residue 1Hα 13C’ 13Cα 13Cβ 13Cγ
[ppm] [ppm] [ppm] [ppm] [ppm]
56 Ala56 3.46 177.9 53.7 17.3 -
58 Val58 5.14 173.8 58.7 34.8 21.7
59 Lys59 4.38 - 54.8 36.2 -
60 Lys60 3.98 176.4 59.0 32.0 24.8
61 Leu61 3.96 - 54.9 40.8 25.5
Table 3: 1H,13C chemical shifts of
α-spectrin SH3, obtained for a 15%
RAP sample at pH 7.5-8.5, employ-
ing a HCC experiment (cf. Figure
3.23, page 65) at an external mag-
netic field of 16.4 T (700 MHz) and
a MAS frequency of 18 kHz.
i residue 1H 13C
[ppm] [ppm]
7 Glu7-Hα,Cα 5.19 55.20
7 Glu7-Hγ,Cγ 1.65 37.13
8 Leu8-Hα,Cα 4.90 53.61
8 Leu8-Hβ1,Cβ 0.57 45.91
8 Leu8-Hβ2,Cβ 0.32 45.91
8 Leu8-Hγ,Cγ 0.27 26.75
8 Leu8-Hδ1,Cδ1 0.05 22.70
8 Leu8-Hδ2,Cδ2 -1.00 23.51
9 Val9-Hα,Cα 4.77 58.22
9 Val9-Hβ,Cβ 1.41 36.26
9 Val9-Hγ1,Cγ1 0.46 23.89
9 Val9-Hγ2,Cγ2 0.28 20.83
10 Leu10-Hα,Cα 4.68 53.31
10 Leu10-Hβ1,Cβ 1.24 46.81
10 Leu10-Hβ2,Cβ 1.01 46.81
10 Leu10-Hγ,Cγ 0.65 26.47
10 Leu10-Hδ1,Cδ1 0.32 24.27
10 Leu10-Hδ2,Cδ2 0.27 26.75
11 Ala11-Hα,Cα 4.12 53.27
11 Ala11-Hβ,Cβ 1.13 18.92
12 Leu12-Hα,Cα 3.29 56.68
12 Leu12-Hβ1,Cβ 0.77 43.50
12 Leu12-Hβ2,Cβ 0.24 43.50
12 Leu12-Hγ,Cγ 0.90 26.97
i residue 1H 13C
[ppm] [ppm]
12 Leu12-Hδ1,Cδ1 0.15 22.10
12 Leu12-Hδ2,Cδ2 0.22 25.57
13 Tyr13-Hα,Cα 4.15 56.08
13 Tyr13-Hβ1,Cβ 2.87 44.24
13 Tyr13-Hβ2,Cβ 1.35 44.24
14 Asp14-Hα,Cα 4.10 55.37
14 Asp14-Hβ1,Cβ 2.10 42.29
15 Tyr15-Hα,Cα 4.03 60.95
15 Tyr15-Hβ1,Cβ 2.50 43.28
16 Gln16-Hα,Cα 4.06 54.69
16 Gln16-Hβ1,Cβ 1.29 29.60
16 Gln16-Hγ1,Cγ 1.77 34.25
17 Glu17-Hα,Cα 3.70 56.91
17 Glu17-Hβ1,Cβ 1.51 31.38
17 Glu17-Hβ2,Cβ 1.23 31.38
17 Glu17-Hγ,Cγ 1.59 35.15
19 Ser19-Hα,Cα 3.35 57.48
19 Ser19-Hβ1,Cβ 3.02 64.05
19 Ser19-Hβ2,Cβ 2.75 64.05
20 Pro20-Hα,Cα 3.91 66.32
20 Pro20-Hβ1,Cβ 1.80 32.31
20 Pro20-Hβ2,Cβ 1.46 32.31
20 Pro20-Hγ1,Cγ 1.32 27.85
20 Pro20-Hγ2,Cγ 0.93 27.85
20 Pro20-Hδ1,Cδ 2.04 51.20
22 Glu22-Hα,Cα 4.85 56.70
22 Glu22-Hβ1,Cβ 2.18 33.78
22 Glu22-Hβ2,Cβ 1.76 33.78
22 Glu22-Hγ1,Cγ 1.46 37.81
23 Val23-Hα,Cα 4.17 60.09
23 Val23-Hβ,Cβ 1.39 35.61
23 Val23-Hγ1,Cγ1 0.09 20.35
i residue 1H 13C
[ppm] [ppm]
23 Val23-Hγ2,Cγ2 0.05 21.64
24 Thr24-Hα,Cα 4.88 62.41
24 Thr24-Hβ,Cβ 3.36 72.08
24 Thr24-Hγ2,Cγ2 0.85 20.75
25 Met25-Hα,Cα 4.52 54.66
25 Met25-Hβ1,Cβ 1.25 36.77
25 Met25-Hγ1,Cγ 2.39 32.05
25 Met25-Hγ2,Cγ 2.10 32.05
25 Met25-Hε,Cε 1.80 18.66
26 Lys26-Hα,Cα 4.46 54.30
26 Lys26-Hβ1,Cβ 1.19 34.59
26 Lys26-Hγ1,Cγ 1.19 24.28
26 Lys26-Hδ1,Cδ 1.16 29.07
26 Lys26-Hε1,Cε 2.51 42.63
27 Lys27-Hα,Cα 2.77 59.23
27 Lys27-Hβ1,Cβ 0.98 32.62
27 Lys27-Hγ1,Cγ 0.54 24.62
27 Lys27-Hδ1,Cδ 1.10 29.83
27 Lys27-Hε1,Cε 2.38 42.26
28 Gly28-Hα1,Cα 3.94 45.65
28 Gly28-Hα2,Cα 2.99 45.65
29 Asp29-Hα,Cα 4.30 55.91
29 Asp29-Hβ1,Cβ 2.31 42.95
30 Ile30-Hα,Cα 4.47 58.88
30 Ile30-Hβ,Cβ 1.86 36.52
30 Ile30-Hγ11,Cγ1 1.07 26.70
30 Ile30-Hγ2,Cγ2 0.22 18.14
30 Ile30-Hδ,Cδ 0.42 11.19
31 Leu31-Hα,Cα 4.53 53.73
31 Leu31-Hβ1,Cβ 1.02 42.82
31 Leu31-Hδ1,Cδ1 0.39 27.50
31 Leu31-Hδ2,Cδ2 0.29 26.72
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i residue 1H 13C
[ppm] [ppm]
32 Thr32-Hα,Cα 4.15 63.36
32 Thr32-Hβ,Cβ 3.66 70.20
32 Thr32-Hγ2,Cγ2 0.69 22.20
33 Leu33-Hα,Cα 3.93 55.42
33 Leu33-Hβ1,Cβ 1.22 43.25
33 Leu33-Hβ2,Cβ 0.40 43.25
33 Leu33-Hγ,Cγ 0.92 27.35
33 Leu33-Hδ1,Cδ1 0.11 23.91
33 Leu33-Hδ2,Cδ2 -0.18 25.54
34 Leu34-Hα,Cα 4.21 55.71
34 Leu34-Hβ1,Cβ 0.63 43.42
34 Leu34-Hγ,Cγ 0.92 27.35
34 Leu34-Hδ1,Cδ1 0.17 22.30
34 Leu34-Hδ2,Cδ2 0.17 25.57
35 Asn35-Hα,Cα 4.26 54.84
35 Asn35-Hβ1,Cβ 2.36 41.18
35 Asn35-Hβ2,Cβ 2.23 41.18
36 Ser36-Hα,Cα 3.55 57.75
36 Ser36-Hβ1,Cβ 2.27 62.64
36 Ser36-Hβ2,Cβ 1.39 62.64
37 Thr37-Hα,Cα 3.63 65.58
37 Thr37-Hβ,Cβ 3.82 71.50
37 Thr37-Hγ2,Cγ2 0.92 21.72
38 Asn38-Hα,Cα 4.60 54.75
38 Asn38-Hβ1,Cβ 3.39 42.04
38 Asn38-Hβ2,Cβ 2.71 42.04
39 Lys39-Hα,Cα 3.72 59.16
39 Lys39-Hβ1,Cβ 1.67 32.65
39 Lys39-Hγ1,Cγ 1.07 24.51
39 Lys39-Hδ1,Cδ 1.10 28.46
39 Lys39-Hε1,Cε 2.38 42.26
40 Asp40-Hα,Cα 4.05 56.67
i residue 1H 13C
[ppm] [ppm]
40 Asp40-Hβ1,Cβ 2.28 44.93
40 Asp40-Hβ2,Cβ 1.65 44.93
41 Trp41-Hα,Cα 4.50 56.75
41 Trp41-Hβ1,Cβ 2.43 33.22
41 Trp41-Hβ2,Cβ 2.21 33.22
42 Trp42-Hα,Cα 5.10 54.32
42 Trp42-Hβ1,Cβ 2.10 32.07
43 Lys43-Hβ1,Cβ 0.91 34.77
43 Lys43-Hβ2,Cβ 0.57 34.77
43 Lys43-Hγ1,Cγ 0.38 26.06
43 Lys43-Hγ2,Cγ -0.44 26.06
43 Lys43-Hδ1,Cδ 0.81 29.57
44 Val44-Hα,Cα 4.88 59.69
44 Val44-Hβ,Cβ 1.56 37.31
44 Val44-Hγ1,Cγ1 0.25 18.91
44 Val44-Hγ2,Cγ2 0.25 21.28
45 Glu45-Hα,Cα 4.83 55.63
45 Glu45-Hβ1,Cβ 1.58 34.29
45 Glu45-Hγ1,Cγ 1.67 38.27
46 Val46-Hβ,Cβ 1.97 33.80
46 Val46-Hγ1,Cγ1 0.50 20.08
46 Val46-Hγ2,Cγ2 0.47 20.90
49 Arg49-Hβ1,Cβ 1.61 34.33
49 Arg49-Hβ2,Cβ 1.35 34.33
49 Arg49-Hγ1,Cγ 1.45 27.52
49 Arg49-Hδ1,Cδ 2.87 44.16
50 Gln50-Hα,Cα 5.18 53.94
50 Gln50-Hβ1,Cβ 1.41 31.82
50 Gln50-Hβ2,Cβ 0.99 31.82
50 Gln50-Hγ1,Cγ 1.69 34.06
50 Gln50-Hγ2,Cγ 1.40 34.06
51 Gly51-Hα1,Cα 3.48 46.37
i residue 1H 13C
[ppm] [ppm]
52 Phe52-Hα,Cα 5.07 59.86
52 Phe52-Hβ1,Cβ 2.69 43.39
52 Phe52-Hβ2,Cβ 2.00 43.39
53 Val53-Hα,Cα 4.25 59.14
53 Val53-Hβ,Cβ 1.33 34.38
53 Val53-Hγ1,Cγ1 0.08 17.35
53 Val53-Hγ2,Cγ2 0.55 22.56
54 Pro54-Hα,Cα 2.81 62.71
54 Pro54-Hβ1,Cβ 0.52 30.38
54 Pro54-Hβ2,Cβ -0.26 30.38
54 Pro54-Hγ1,Cγ -0.05 28.31
54 Pro54-Hδ1,Cδ 1.74 50.70
55 Ala55-Hα,Cα 2.13 55.11
55 Ala55-Hβ,Cβ -0.71 14.80
56 Ala56-Hα,Cα 3.46 53.74
56 Ala56-Hβ,Cβ 0.53 17.41
57 Tyr57-Hα,Cα 4.84 55.14
57 Tyr57-Hβ1,Cβ 2.39 37.88
58 Val58-Hα,Cα 5.14 58.67
58 Val58-Hβ,Cβ 1.29 36.16
58 Val58-Hγ1,Cγ1 0.23 19.82
58 Val58-Hγ2,Cγ2 0.21 22.79
59 Lys59-Hα,Cα 4.63 54.90
59 Lys59-Hβ1,Cβ 1.16 37.39
59 Lys59-Hγ1,Cγ 0.95 24.86
59 Lys59-Hδ1,Cδ 1.20 29.88
59 Lys59-Hε1,Cε 2.51 42.66
60 Lys60-Hα,Cα 3.98 59.05
60 Lys60-Hβ1,Cβ 1.43 33.42
60 Lys60-Hβ2,Cβ 1.21 33.42
60 Lys60-Hγ1,Cγ 1.16 26.04
60 Lys60-Hγ2,Cγ 0.87 26.04
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i residue 1H 13C
[ppm] [ppm]
60 Lys60-Hδ1,Cδ 1.12 29.71
60 Lys60-Hε1,Cε 2.29 42.12
61 Leu61-Hα,Cα 3.96 54.93
61 Leu61-Hβ1,Cβ 1.00 41.55
61 Leu61-Hβ2,Cβ 0.74 41.55
61 Leu61-Hγ,Cγ 1.08 27.15
61 Leu61-Hδ1,Cδ1 0.35 23.12
61 Leu61-Hδ2,Cδ2 0.27 26.58
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Table 4: Dipolar coupling order parameters of 1Hα,13Cα backbone resonances of α-spectrin SH3 are listed. The
parameters were determined by REDOR dephasing experiments, using a 15% RAP sample (cf. Figure 4.4A, page
175). For every residue the dipolar coupling anisotropy δD, the tensor asymmetry η and the resulting squared order
parameter S2 is given. A 1Hα,13Cα bond length of 1.11 Å was assumed [Alkaraghouli and Koetzle, 1975, Yao et al.,
2001]. For error estimation, 1,000 Monte Carlo simulations were performed. The experiments were carried out at an
external magnetic field of 11.7 T (500 MHz), a MAS frequency of 40 kHz, and for two ζ -delays, 1.1 us and 1.5 us,
respectively (details are given in section 3.4.2, page 80).
i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
8 Leu8α -21491 1220 0.37 0.24 0.95 0.11
9 Val9α -21517 1459 0.58 0.31 0.95 0.13
11 Ala11α -20594 925 0.17 0.21 0.87 0.08
12 Leu12α -19920 621 0.14 0.18 0.81 0.05
20 Pro20α -19111 3575 0.26 0.28 0.75 0.28
22 Glu22α -21407 1095 0.34 0.23 0.94 0.10
24 Thr24α -21845 471 0.16 0.18 0.98 0.04
27 Lys27α -20215 1596 0.21 0.23 0.84 0.13
28 Gly28α1 -20019 256 0.10 0.13 0.82 0.02
28 Gly28α2 -20406 387 0.13 0.16 0.85 0.03
35 Asn35α -21133 441 0.13 0.16 0.92 0.04
37 Thr37α -20884 303 0.17 0.15 0.89 0.03
39 Lys39α -19817 598 0.15 0.17 0.80 0.05
41 Trp41α -20094 1107 0.20 0.21 0.83 0.09
44 Val44α -20899 1203 0.20 0.23 0.90 0.10
51 Gly51α1 -19734 301 0.12 0.14 0.80 0.02
51 Gly51α2 -19338 305 0.11 0.14 0.77 0.02
53 Val53α -20153 824 0.17 0.19 0.83 0.07
54 Pro54α -20554 2244 0.24 0.27 0.87 0.19
55 Ala55α -20623 331 0.14 0.15 0.87 0.03
56 Ala56α -20358 265 0.10 0.15 0.85 0.02
Continued on next page
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i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
60 Lys60α -21028 1502 0.24 0.24 0.91 0.13
Table 5: Dipolar coupling order parameters of 1H,13C side chain resonances of a 15% RAP sample of α-spectrin
SH3. Details are given in the caption of Table 4 (page 220).
i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
7 Glu7γ1+2 -2439 259 0.52 0.44 0.01 0.00
9 Val9β -17677 1225 0.18 0.21 0.64 0.09
10 Leu10γ -16570 2023 0.23 0.25 0.56 0.14
12 Leu12β2 -18805 4050 0.34 0.31 0.72 0.31
12 Leu12δ2 -5873 218 0.40 0.26 0.07 0.01
17 Glu17β1 -14604 479 0.22 0.26 0.44 0.03
17 Glu17β2 -17153 1092 0.17 0.21 0.60 0.08
20 Pro20β1 -17571 1178 0.18 0.21 0.63 0.08
20 Pro20δ1 -18648 1780 0.33 0.24 0.71 0.14
22 Glu22β1 -19627 1161 0.23 0.22 0.79 0.09
24 Thr24β -20848 1097 0.24 0.22 0.89 0.09
25 Met25γ1 -16473 508 0.24 0.19 0.56 0.03
25 Met25γ2 -1761 197 0.47 0.35 0.01 0.00
26 Lys26β1+2 -12465 92 0.46 0.10 0.32 0.00
27 Lys27β1+2 -15989 268 0.22 0.15 0.52 0.02
27 Lys27γ1 -13473 218 0.14 0.16 0.37 0.01
30 Ile30β -16482 2300 0.23 0.26 0.56 0.16
31 Leu31β1+2 -18991 2999 0.41 0.27 0.74 0.23
Continued on next page
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Table 5 – Continued from previous page
i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
32 Thr32β -19442 1403 0.20 0.22 0.77 0.11
33 Leu33β1 -18135 1586 0.24 0.24 0.67 0.12
34 Leu34δ2 -5642 233 0.30 0.30 0.07 0.01
37 Thr37β -21251 1548 0.23 0.24 0.93 0.13
40 Asp40β1 -19428 1676 0.25 0.25 0.77 0.13
40 Asp40β2 -19079 871 0.15 0.19 0.75 0.07
43 Lys43δ1+2 -11749 472 0.20 0.25 0.28 0.02
43 Lys43γ2 -15465 2926 0.37 0.31 0.49 0.19
44 Val44β -11115 525 0.26 0.30 0.25 0.02
50 Gln50β1 -15476 948 0.27 0.27 0.49 0.06
50 Gln50β2 -14965 3351 0.31 0.32 0.46 0.21
54 Pro54β1 -16763 1182 0.21 0.23 0.58 0.08
54 Pro54δ1 -18874 1323 0.19 0.22 0.73 0.10
54 Pro54γ1+2 -16422 2029 0.24 0.27 0.55 0.14
58 Val58β -17156 966 0.19 0.21 0.60 0.07
59 Lys59β1 -14463 306 0.31 0.22 0.43 0.02
60 Lys60β1 -9668 217 0.25 0.23 0.19 0.01
60 Lys60β2 -10180 265 0.35 0.26 0.21 0.01
60 Lys60γ1 -8242 425 0.67 0.36 0.14 0.01
60 Lys60γ2 -8367 489 0.47 0.39 0.14 0.02
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Table 6: Dipolar coupling order parameters of 1H,13C methyl resonances, obtained by REDOR dephasing experi-
ments at an external magnetic field of 14.1 T (600 MHz) and a MAS frequency of 50 kHz, using a 13CD2H sample
of α-spectrin SH3. The ζ -delay was set to 4 µs.
i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
8 Leu8δ1 -5480 20 0.20 0.00 0.57 0.00
8 Leu8δ2 -5550 22 0.10 0.02 0.58 0.00
9 Val9γ1 -5871 25 0.20 0.00 0.65 0.01
9 Val9γ2 -5890 29 0.20 0.00 0.66 0.01
10 Leu10δ1 -5040 10 0.20 0.00 0.48 0.00
10 Leu10δ2 -5300 20 0.20 0.00 0.53 0.00
12 Leu12δ1 -5430 12 0.10 0.00 0.56 0.00
12 Leu12δ2 -5680 21 0.09 0.02 0.61 0.00
23 Val23γ1 -3840 86 0.60 0.07 0.28 0.01
23 Val23γ2 -3561 24 0.60 0.01 0.24 0.00
31 Leu31δ1 -2790 16 0.70 0.01 0.15 0.00
31 Leu31δ2 -2503 31 0.81 0.05 0.12 0.00
33 Leu33δ1 -5680 20 0.10 0.02 0.61 0.00
33 Leu33δ2 -5591 32 0.20 0.00 0.59 0.01
34 Leu34δ1 -5360 10 0.10 0.00 0.54 0.00
34 Leu34δ2 -5471 17 0.00 0.01 0.57 0.00
44 Val44γ1 -5920 49 0.20 0.02 0.66 0.01
44 Val44γ2 -5810 22 0.20 0.00 0.64 0.00
46 Val46γ1 -2214 65 0.91 0.11 0.09 0.01
46 Val46γ2 -2847 77 0.82 0.10 0.15 0.01
53 Val53γ1 -6112 49 0.20 0.02 0.71 0.01
53 Val53γ2 -6161 27 0.09 0.02 0.72 0.01
58 Val58γ1 -5669 35 0.30 0.01 0.61 0.01
58 Val58γ2 -5680 20 0.20 0.00 0.61 0.00
Continued on next page
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Table 6 – Continued from previous page
i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
61 Leu61δ1 -4421 14 0.09 0.02 0.37 0.00
Table 7: Dipolar coupling order parameters of 1H,13C methyl resonances, obtained by REDOR dephasing experi-
ments at an external magnetic field of 14.1 T (600 MHz) and a MAS frequency of 50 kHz, using a 5% RAP sample
of α-spectrin SH3. The ζ -delay was set to 4 µs.
i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
1 Met1ε -363 16 0.56 0.30 0.00 0.00
4 Thr4γ2 -763 41 0.47 0.33 0.01 0.00
8 Leu8δ1 -5330 61 0.20 0.05 0.54 0.01
8 Leu8δ2 -5108 59 0.20 0.05 0.49 0.01
9 Val9γ1 -5768 64 0.08 0.06 0.63 0.01
9 Val9γ2 -5640 50 0.20 0.03 0.60 0.01
10 Leu10δ1 -4072 39 0.03 0.05 0.31 0.01
10 Leu10δ2 -4999 41 0.20 0.03 0.47 0.01
11 Ala11β -6502 59 0.09 0.04 0.80 0.01
12 Leu12δ1 -4431 25 0.30 0.00 0.37 0.00
12 Leu12δ2 -5384 84 0.09 0.08 0.55 0.02
23 Val23γ1 -3697 72 0.50 0.06 0.26 0.01
23 Val23γ2 -3958 66 0.50 0.05 0.30 0.01
24 Thr24γ2 -6189 20 0.00 0.01 0.73 0.00
25 Met25ε -6001 59 0.08 0.05 0.68 0.01
30 Ile30δ -3791 34 0.60 0.02 0.27 0.00
30 Ile30γ2 -5758 93 0.20 0.06 0.63 0.02
31 Leu31δ1 -2348 37 0.50 0.05 0.10 0.00
Continued on next page
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i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
31 Leu31δ2 -2633 58 0.71 0.08 0.13 0.01
32 Thr32γ2 -6010 30 0.09 0.03 0.68 0.01
33 Leu33δ1 -5448 75 0.09 0.07 0.56 0.02
33 Leu33δ2 -5307 48 0.20 0.03 0.53 0.01
34 Leu34δ1 -5160 37 0.08 0.05 0.50 0.01
34 Leu34δ2 -4953 80 0.20 0.06 0.46 0.01
37 Thr37γ2 -6429 29 0.10 0.02 0.78 0.01
44 Val44γ1 -5960 60 0.08 0.05 0.67 0.01
44 Val44γ2 -5799 48 0.20 0.02 0.64 0.01
46 Val46γ1 -2295 87 0.62 0.12 0.10 0.01
46 Val46γ2 -2658 122 0.82 0.15 0.13 0.01
53 Val53γ1 -5941 48 0.09 0.04 0.67 0.01
53 Val53γ2 -5909 46 0.09 0.04 0.66 0.01
55 Ala55β -6304 68 0.08 0.05 0.75 0.02
56 Ala56β -6153 59 0.09 0.04 0.72 0.01
58 Val58γ1 -5431 54 0.20 0.04 0.56 0.01
58 Val58γ2 -5561 40 0.20 0.02 0.59 0.01
61 Leu61δ1 -4330 41 0.20 0.03 0.36 0.01
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Table 8: Dipolar coupling order parameters of 1Hα,13Cα backbone resonances of α-spectrin SH3, determined by
REDOR dephasing experiments, using a 10% RAP-glycerol sample (cf. Figure 3.34, page 85). The experiments
were carried out at an external magnetic field of 11.7 T (500 MHz), a MAS frequency of 50 kHz, and a ζ -delay of
1.5 us, respectively.
i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
9 Val9α -19345 1015 0.21 0.18 0.77 0.08
11 Ala11α -20746 682 0.50 0.09 0.88 0.06
15 Tyr15α -20765 470 0.30 0.07 0.88 0.04
16 Gln16α -20432 3556 0.52 0.35 0.86 0.30
19 Ser19α -20571 685 0.10 0.12 0.87 0.06
20 Pro20α -12152 9045 0.65 0.43 0.30 0.45
22 Glu22α -12301 10288 0.73 0.41 0.31 0.52
23 Val23α -17924 602 0.30 0.12 0.66 0.04
24 Thr24α -21652 1171 0.10 0.17 0.96 0.10
26 Lys26α -19882 638 0.09 0.11 0.81 0.05
27 Lys27α -19906 1482 0.42 0.22 0.81 0.12
28 Gly28α1 -19839 513 0.30 0.08 0.81 0.04
28 Gly28α2 -19064 512 0.09 0.09 0.74 0.04
29 Asp29α -20623 1471 0.41 0.22 0.87 0.12
32 Thr32α -19748 1061 0.10 0.16 0.80 0.09
35 Asn35α -20791 1714 0.60 0.24 0.89 0.15
36 Ser36α -20355 568 0.18 0.10 0.85 0.05
37 Thr37α -20257 534 0.19 0.10 0.84 0.04
39 Lys39α -20091 968 0.31 0.16 0.83 0.08
40 Asp40α -21158 1190 0.10 0.16 0.92 0.10
41 Trp41α -20892 934 0.31 0.14 0.89 0.08
42 Trp42α -21157 857 0.41 0.12 0.92 0.07
44 Val44α -21612 1642 0.50 0.22 0.96 0.15
Continued on next page
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i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
50 Gln50α -19984 3021 0.26 0.36 0.82 0.25
51 Gly51α1 -19500 552 0.09 0.10 0.78 0.04
51 Gly51α2 -20044 699 0.30 0.12 0.82 0.06
52 Phe52α -20261 826 0.19 0.14 0.84 0.07
53 Val53α -18193 1243 0.42 0.17 0.68 0.09
54 Pro54α -17472 3923 0.65 0.38 0.63 0.28
55 Ala55α -20134 603 0.30 0.09 0.83 0.05
56 Ala56α -18941 298 0.08 0.07 0.74 0.02
58 Val58α -20311 1090 0.20 0.18 0.85 0.09
60 Lys60α -18197 1503 0.41 0.25 0.68 0.11
Table 9: Dipolar coupling order parameters of 1H,13C side chain resonances of α-spectrin SH3, determined by
REDOR dephasing experiments, using a 10% RAP-glycerol sample (cf. Figure 3.34, page 85). The experiments
were carried out at an external magnetic field of 11.7 T (500 MHz), a MAS frequency of 50 kHz, and a ζ -delay of
1.5 us, respectively.
i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
7 Glu7γ1 -7446 6822 0.52 0.47 0.11 0.21
8 Leu8β1 -17013 2963 0.26 0.33 0.59 0.21
8 Leu8β2 -17739 3343 0.63 0.33 0.64 0.24
9 Val9β -18397 611 0.31 0.11 0.69 0.05
10 Leu10β1 -19234 1199 0.20 0.20 0.76 0.09
10 Leu10β2 -18883 4853 0.27 0.38 0.73 0.38
10 Leu10γ -18746 574 0.30 0.10 0.72 0.04
12 Leu12β1 -16820 1749 0.82 0.25 0.58 0.12
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Table 9 – Continued from previous page
i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
12 Leu12β2 -17845 1198 0.14 0.20 0.65 0.09
17 Glu17β1 -18351 2328 0.20 0.30 0.69 0.18
17 Glu17β2 -20375 3254 0.36 0.36 0.85 0.27
20 Pro20β1 -16102 1249 0.23 0.24 0.53 0.08
20 Pro20β2 -18918 2084 0.23 0.27 0.73 0.16
20 Pro20δ1 -19293 1161 0.21 0.21 0.76 0.09
20 Pro20δ2 -18420 1497 0.33 0.27 0.70 0.11
22 Glu22β1 -20758 3232 0.37 0.34 0.88 0.27
24 Thr24β -9192 11346 0.50 0.49 0.17 0.43
25 Met25β1 -19324 2636 0.35 0.33 0.77 0.21
25 Met25γ1 -16519 761 0.20 0.17 0.56 0.05
25 Met25γ2 -14607 483 0.09 0.11 0.44 0.03
26 Lys26β1+2 -13574 891 0.52 0.20 0.38 0.05
27 Lys27β1+2 -17587 2084 0.44 0.30 0.63 0.15
27 Lys27γ1 -14868 394 0.50 0.08 0.45 0.02
30 Ile30β -19538 738 0.07 0.11 0.78 0.06
31 Leu31β1 -17123 1411 0.31 0.25 0.60 0.10
31 Leu31β2 -17528 1509 0.42 0.25 0.63 0.11
32 Thr32β -11285 9937 0.60 0.47 0.26 0.46
33 Leu33β1 -19304 1093 0.20 0.19 0.76 0.09
33 Leu33β2 -18683 3387 0.65 0.37 0.72 0.26
34 Leu34β1 -19094 773 0.19 0.14 0.75 0.06
34 Leu34β2 -18744 1763 0.34 0.25 0.72 0.14
37 Thr37β -17768 9761 0.69 0.42 0.65 0.71
40 Asp40β1 -14922 11877 0.57 0.48 0.46 0.73
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i residue δD ∆δD η ∆η S2 ∆S2
[Hz] [Hz]
40 Asp40β2 -19611 2991 0.49 0.35 0.79 0.24
43 Lys43γ1 -15335 1766 0.19 0.27 0.48 0.11
43 Lys43γ2 -15630 1186 0.40 0.23 0.50 0.08
44 Val44β -19650 1169 0.59 0.18 0.79 0.09
50 Gln50β1 -14731 1488 0.41 0.25 0.44 0.09
50 Gln50β2 -14616 1933 0.24 0.26 0.44 0.12
54 Pro54β1 -18558 1440 0.22 0.24 0.71 0.11
54 Pro54β2 -20047 3203 0.35 0.35 0.82 0.26
54 Pro54δ1 -18034 973 0.61 0.17 0.67 0.07
58 Val58β -17927 1023 0.72 0.18 0.66 0.08
59 Lys59β1 -14238 3036 0.27 0.36 0.42 0.18
60 Lys60β1 -8453 9309 0.53 0.49 0.15 0.32
60 Lys60β2 -11011 12435 0.54 0.47 0.25 0.56
60 Lys60γ1 -8788 537 0.79 0.22 0.16 0.02
60 Lys60γ2 -8139 535 0.52 0.27 0.14 0.02
61 Leu61β1 -16539 1688 0.17 0.25 0.56 0.11
Table 10: Dipolar coupling order parameters of 1HN,15N backbone resonances of α-spectrin SH3 are listed. The or-
der parameters were determined by CPPI experiments, using a perdeuterated sample, back-exchanged in a 10%/90%
H2O/D2O buffer. The experiments were carried out at an external magnetic field of 9.4 T (400 MHz), while the MAS
frequency was adjusted to 20 kHz. The values were taken from Chevelkov et al. [2009a], while employing a 1HN,15N
rigid-limit bond length of 1.015 Å [Yao et al., 2008b].
i residue δD ∆δD S2 ∆S2
[Hz] [Hz]
8 Leu8N 9282 750 0.64 0.10
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Table 10 – Continued from previous page
i residue δD ∆δD S2 ∆S2
[Hz] [Hz]
9 Val9N 10623 375 0.83 0.06
10 Leu10N 10726 300 0.85 0.05
11 Ala11N 10715 225 0.85 0.04
12 Leu12N 10651 225 0.84 0.04
13 Tyr13N 10355 225 0.79 0.03
14 Asp14N 10194 250 0.77 0.04
15 Tyr15N 10421 300 0.80 0.05
16 Gln16N 10114 300 0.75 0.04
17 Glu17N 10235 300 0.77 0.05
18 Lys18N 10521 150 0.82 0.02
19 Ser19N 9815 450 0.71 0.07
22 Glu22N 10508 450 0.81 0.07
23 Val23N 10280 450 0.78 0.07
24 Thr24N 9299 900 0.64 0.12
25 Met25N 10696 225 0.84 0.04
26 Lys26N 10516 225 0.82 0.03
27 Lys27N 10458 300 0.81 0.05
28 Gly28N 10654 225 0.84 0.04
30 Ile30N 10496 300 0.81 0.05
31 Leu31N 10840 450 0.87 0.07
32 Thr32N 9919 900 0.73 0.13
33 Leu33N 10756 375 0.85 0.06
34 Leu34N 10578 450 0.82 0.07
35 Asn35N 10168 375 0.76 0.06
37 Thr37N 10562 900 0.82 0.14
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i residue δD ∆δD S2 ∆S2
[Hz] [Hz]
39 Lys39N 10129 450 0.76 0.07
40 Asp40N 10514 375 0.81 0.06
41 Trp41N 10412 375 0.80 0.06
42 Trp42N 10663 225 0.84 0.04
43 Lys43N 10661 300 0.84 0.05
44 Val44N 10849 300 0.87 0.05
45 Glu45N 10508 300 0.81 0.05
46 Val46N 10298 450 0.78 0.07
49 Arg49N 9715 300 0.70 0.04
50 Gln50N 9644 300 0.69 0.04
51 Gly51N 10255 225 0.78 0.03
52 Phe52N 10729 225 0.85 0.04
53 Val53N 10651 300 0.84 0.05
55 Ala55N 10533 150 0.82 0.02
56 Ala56N 10399 225 0.80 0.03
57 Tyr57N 10396 325 0.80 0.05
58 Val58N 10550 300 0.82 0.05
59 Lys59N 10367 300 0.79 0.05
60 Lys60N 10219 225 0.77 0.03
61 Leu61N 9962 225 0.73 0.03




Table 11: Motional parameters for the 1Hα,13Cα backbone of α-spectrin SH3, assuming the Model-Free Formalism. For S2s , τs and τ f , the best fit and the average
over the Monte Carlo ensemble (n = 500) are given. The fitting was performed by a χ2 minimization, employing equation 3.68 (page 117) and using 13C T1 values,
obtained at 11.7 T (500 MHz) and 20.0 T (850 MHz) for a 10% RAP-glycerol sample, as well as 1Hα,13Cα order parameters of a 15% RAP-glucose sample (cf. Table
4, page 220).




















s,avg τs,best τs,avg ∆τs,avg τ f ,best τ f ,avg ∆τ f ,avg
[s] [s] [s] [s] [s] [s] [s] [s] [ns] [ns] [ns] [ns] [ns] [ns]
9 Val9α 5.53 5.23 8.73 1.71 6.97 7.89 7.86 1.33 0.991 0.625 0.467 0.251 16.715 64.650 0.131 0.120 0.381
11 Ala11α 15.48 4.59 16.20 1.67 27.39 9.62 28.68 6.51 0.874 0.833 0.218 115.251 106.994 122.161 0.681 1.036 2.694
20 Pro20α 8.02 7.96 13.57 8.40 12.44 12.09 18.42 11.27 0.868 0.628 0.406 52.751 45.753 101.206 0.039 1.746 4.364
22 Glu22α 7.66 6.95 24.99 16.39 9.36 8.73 10.14 4.84 0.992 0.699 0.445 0.251 7.708 35.728 0.081 0.272 0.891
24 Thr24α 12.69 9.87 17.85 3.29 29.63 24.92 58.64 35.97 0.990 0.667 0.460 18.501 14.189 46.148 2.633 3.192 4.760
27 Lys27α 11.18 5.61 12.95 2.54 15.99 8.41 18.18 3.71 0.865 0.743 0.325 67.001 83.281 118.083 0.115 0.336 1.086
28 Gly28α1 11.23 1.08 11.23 1.08 20.12 2.22 20.12 2.22 0.868 0.875 0.036 118.001 103.607 96.541 0.757 0.714 0.855
28 Gly28α2 13.78 1.15 13.78 1.15 22.82 2.07 22.82 2.07 0.837 0.844 0.029 48.001 93.612 96.283 0.125 0.295 0.352
32 Thr32α 14.47 6.04 16.17 2.62 20.40 8.91 22.10 3.45 0.938 0.830 0.304 90.001 59.094 95.020 0.167 0.231 0.437
35 Asn35α 9.94 3.90 9.50 1.96 18.31 6.30 17.91 2.94 0.935 0.930 0.117 82.751 70.070 102.845 0.947 1.356 1.956
37 Thr37α 27.08 3.67 27.38 3.85 34.90 5.18 34.70 5.48 0.916 0.936 0.036 88.251 109.552 131.911 0.067 0.128 0.768
39 Lys39α 2.60 0.37 2.55 0.40 5.95 0.89 6.12 0.98 0.889 0.912 0.069 71.001 72.931 100.853 1.949 2.709 2.253
44 Val44α 9.08 5.40 10.46 1.76 18.76 10.67 22.23 4.96 0.913 0.739 0.352 42.251 84.083 123.311 1.151 2.295 4.023
51 Gly51α1 10.01 0.99 10.01 0.99 15.77 1.37 15.77 1.37 0.797 0.798 0.039 40.001 112.443 104.807 0.071 0.299 0.325
51 Gly51α2 11.14 1.01 11.14 1.01 18.42 1.81 18.42 1.81 0.812 0.822 0.030 78.751 135.350 120.968 0.319 0.432 0.404
54 Pro54α 23.29 24.48 46.29 31.40 37.01 39.54 57.83 42.67 0.939 0.642 0.415 78.501 56.835 119.781 0.025 0.975 3.252
55 Ala55α 6.78 0.71 6.78 0.71 11.74 0.78 11.74 0.78 0.895 0.902 0.032 40.501 91.156 110.126 0.613 0.856 1.765
56 Ala56α 6.04 0.33 6.04 0.33 10.71 0.56 10.71 0.56 0.880 0.883 0.024 101.751 101.146 100.846 0.807 0.782 1.107
60 Lys60α 4.15 4.22 4.48 1.02 8.85 7.62 11.45 2.50 0.969 0.686 0.416 45.501 44.566 94.020 2.707 2.493 3.609
232
Table 12: Motional parameters for the 1HN,15N backbone of α-spectrin SH3, assuming the Model-Free Formalism. For S2s , τs and τ f , the best fit and the average
over the Monte Carlo ensemble (n = 500) are given. The fitting was performed by a χ2 minimization, employing equation 3.70 (page 118) and using 15N T1 values
[Chevelkov et al., 2008], obtained at 14.1 T (600 MHz) and 21.1 T (900 MHz) for a α-spectrin SH3 sample, which was uniformly 2H and 15N labeled and back-
exchanged in a 10%/90% H2O/D2O buffer, prior to crystallization. Furthermore, 1H,15N dipole-dipole / 15N CSA cross-correlated relaxation rates (η) [Chevelkov
et al., 2007a], and 1H,15N order parameter [Chevelkov et al., 2009a] were incorporated. The experimental values were taken from the references given.




























s,avg τs,best τs,avg ∆τs,avg τ f ,best τ f ,avg ∆τ f ,avg
[s] [s] [s] [s] [s] [s] [s] [s] [Hz] [Hz] [Hz] [Hz] [ns] [ns] [ns] [ns] [ns] [ns]
8 Leu8 4.61 0.66 4.65 0.55 5.37 0.81 5.32 0.71 17.62 6.90 17.68 6.85 0.676 0.767 0.128 55.001 155.653 175.277 1.081 1.428 2.346
9 Val9 34.50 4.52 34.35 4.17 48.63 4.62 49.56 3.29 0.74 0.43 0.74 0.43 0.968 0.951 0.071 19.751 19.587 10.014 0.009 1.271 4.215
10 Leu10 19.57 5.84 20.36 7.17 22.91 5.54 23.85 5.32 0.74 0.42 0.74 0.41 0.964 0.962 0.037 17.751 47.026 59.994 0.033 1.156 3.412
13 Tyr13 45.94 4.16 49.25 4.27 43.35 4.87 41.52 5.94 1.16 0.21 1.16 0.21 0.991 0.987 0.009 152.501 149.778 72.930 0.017 0.018 0.005
14 Asp14 15.81 3.76 15.59 3.94 18.86 2.62 19.43 1.87 0.68 0.44 0.68 0.44 0.957 0.943 0.052 11.501 26.714 40.260 0.019 0.865 2.909
15 Tyr15 29.99 1.55 29.96 1.33 37.42 2.73 37.52 2.53 0.59 0.36 0.59 0.36 0.971 0.965 0.023 18.751 19.474 8.381 0.013 0.048 0.357
16 Gln16 15.35 1.62 15.34 1.64 19.72 1.96 19.75 1.98 1.64 0.55 1.64 0.55 0.920 0.922 0.025 23.001 28.090 30.688 0.021 0.158 1.505
17 Glu17 18.62 1.88 17.84 2.22 29.98 3.25 32.14 4.02 2.77 0.58 2.77 0.58 0.888 0.891 0.017 27.251 27.994 4.730 0.001 0.140 1.561
19 Ser19 11.00 0.89 11.01 0.89 12.77 0.58 12.77 0.58 2.70 0.37 2.70 0.37 0.891 0.895 0.027 29.751 37.273 44.447 0.041 0.054 0.100
24 Thr24 10.53 1.29 10.34 0.43 16.99 1.66 17.25 1.26 8.51 1.14 8.55 0.97 0.738 0.750 0.081 36.001 59.915 98.214 0.003 1.475 4.435
25 Met25 30.41 3.25 30.46 2.97 33.00 2.78 32.87 2.45 0.54 0.33 0.54 0.33 0.979 0.977 0.015 21.251 30.667 23.668 0.025 0.061 0.567
26 Lys26 30.36 2.58 30.44 2.62 33.52 3.03 33.53 3.09 2.62 0.26 2.62 0.26 0.951 0.950 0.019 58.001 83.181 86.331 0.025 0.026 0.012
27 Lys27 16.54 3.47 16.13 3.37 21.85 2.94 22.70 2.46 0.80 0.60 0.80 0.60 0.972 0.941 0.040 6.751 17.491 27.389 0.015 1.412 4.010
28 Gly28 27.65 1.71 27.69 1.08 34.41 3.32 34.51 2.86 1.35 1.00 1.35 1.00 0.982 0.953 0.047 14.151 29.565 19.003 0.019 0.025 0.025
30 Ile30 18.89 1.29 18.83 1.34 28.10 2.04 28.22 2.16 2.81 0.58 2.81 0.59 0.903 0.903 0.015 30.001 30.607 5.529 0.015 0.116 0.673
32 Thr32 6.18 2.57 5.85 1.09 9.28 3.09 9.83 1.31 4.97 1.27 5.22 0.62 0.756 0.817 0.174 20.751 93.212 155.939 0.009 5.265 7.316
34 Leu34 7.55 1.69 7.40 0.82 10.96 1.77 11.08 0.14 21.43 4.45 22.55 1.80 0.870 0.875 0.120 173.251 280.566 187.939 4.853 6.033 4.613
41 Trp41 16.39 2.51 16.53 2.61 20.32 4.07 20.56 4.59 2.60 0.68 2.61 0.67 0.910 0.925 0.057 31.501 88.978 127.975 0.033 0.486 2.648
43 Lys43 21.90 1.94 21.91 1.95 25.63 2.24 25.62 2.28 2.88 0.54 2.88 0.54 0.928 0.934 0.022 42.501 60.798 66.225 0.041 0.083 0.265
44 Val44 15.32 5.28 14.08 3.34 21.24 5.73 23.48 4.59 0.49 0.35 0.50 0.35 0.993 0.949 0.055 0.001 12.738 23.176 0.077 2.487 4.349
45 Glu45 5.25 0.76 5.16 0.43 7.49 1.01 7.50 0.87 10.56 1.29 10.64 1.02 0.869 0.893 0.069 80.751 196.205 189.888 3.931 5.163 3.733
46 Val46 23.96 0.34 23.96 0.25 23.87 0.72 23.87 0.66 2.32 1.07 2.32 1.07 0.952 0.961 0.014 59.251 71.497 39.535 0.031 0.050 0.120
49 Arg49 18.65 2.99 18.50 3.25 25.38 3.03 25.90 3.25 1.63 0.35 1.63 0.35 0.911 0.909 0.048 22.501 30.832 42.073 0.007 1.232 4.546
50 Gln50 6.09 0.17 6.08 0.18 9.79 0.29 9.80 0.31 6.76 0.57 6.76 0.57 0.726 0.734 0.039 24.751 27.692 23.652 0.027 0.851 3.099
51 Gly51 17.81 1.89 17.04 1.74 28.07 2.53 29.76 3.26 0.90 0.40 0.90 0.40 0.821 0.908 0.053 0.001 11.479 7.522 14.507 3.393 6.196
52 Phe52 26.70 1.63 26.62 1.67 39.22 4.29 39.40 4.52 6.79 1.27 6.79 1.27 0.879 0.891 0.025 54.751 68.533 46.864 0.029 1.705 4.602
53 Val53 44.65 4.93 45.29 2.06 58.70 14.81 59.92 17.65 1.30 0.56 1.30 0.56 0.957 0.966 0.019 32.251 62.441 67.822 0.007 0.131 1.320
56 Ala56 15.05 5.28 15.23 6.27 18.72 4.59 20.45 3.60 1.68 0.57 1.68 0.57 0.918 0.932 0.044 23.001 66.662 109.631 0.025 2.856 5.929
57 Tyr57 12.76 4.58 14.11 4.83 20.46 6.61 27.81 4.59 4.38 0.41 4.39 0.38 0.847 0.879 0.061 28.751 74.757 115.804 0.001 3.796 7.172
59 Lys59 18.43 2.98 17.13 3.12 29.10 5.26 34.64 8.29 1.31 0.60 1.31 0.60 0.923 0.909 0.045 18.501 16.099 11.584 0.001 3.168 6.393
61 Leu61 6.34 0.35 6.36 0.35 7.64 0.87 7.62 0.90 6.48 0.65 6.48 0.65 0.822 0.834 0.061 39.001 77.939 124.550 0.199 0.367 0.523




In the following, the most relevant pulse sequences, simulation and evaluation scripts, which





; d1 : r e c y c l e d e l a y
; d8 : 1 / ( 2 ∗ J (HX) )
; p1 : 1H 90 deg p u l s e
; p3 : X 90 deg p u l s e
; p l 1 : 1H power l e v e l
; p l 2 : X power l e v e l
; p l 1 3 : Y power l e v e l d e c o u p l i n g
; c n s t 1 : J (HX) s c a l a r c o u p l i n g [ Hz ]
; d11 : d e l a y f o r d i s k I /O [30 msec ]
; d12 : s h o r t s w i t c h i n g d e l a y [3 usec ]
;AG Rei f , Sam Asami , TU Munich
" d 8=1/ (2∗ c n s t 1 ) "
" d11=30m"
" d12=2u "
" i n 0= i n f 1 / 2 "
1 ze
2 d1 do : f 2 do : f 3
d12 p l 2 : f 2 p l 1 3 : f 3
d12 p l 1 : f 1
( p1 ph 1 ) : f 1
d8
( p3 ph 3 ) : f 2
d12 cpds 3 : f 3
d0
( p1∗2 ph 2 ) : f 1
d0
( p3 ph 4 ) : f 2
d8 p l 1 2 : f 2
d12 cpds 2 : f 2
go=2 ph 31
d12 do : f 2 do : f 3 ; d e c o u p l e r o f f
d11 mc #0 t o 2 F1PH ( i p 3 , i d 0 )
HaltAcqu , d11




;HhXH_hmqc_ r f d r
; d1 : r e c y c l e d e l a y
; d8 : 1 / ( 2 ∗ J (HX) )
; d11 : d e l a y f o r d i s k I /O [30 msec ]
; d12 : s h o r t s w i t c h i n g d e l a y [3 usec ]
; p1 : 1H 90 deg p u l s e
; p3 : X 90 deg p u l s e
; p20 : 1H RFDR p i p u l s e
; p l 1 : 1H power l e v e l
; p l 2 : X power l e v e l
; p l 3 : Y power l e v e l [0 W, n o t used ]
; p l 12 : X power l e v e l d e c o u p l i n g
; p l 13 : Y power l e v e l d e c o u p l i n g
; p l 20 : 1H RFDR p i power l e v e l
; spnam1 : 1H RFDR p i p u l s e shape
; c n s t 1 : J (HX) s c a l a r c o u p l i n g [ Hz ]
; l 1 : number o f RFDR p i p u l s e s
; l 31 : MAS f r e q u e n c y [ Hz ]
; Sam Asami , AG Rei f , TU Munich
# i n c l u d e <Avance . i n c l >
# i n c l u d e <Delay . i n c l >
" i n 0= i n f 1" ; 1H
" i n 10= i n f 2 / 2 " ; X





d e f i n e d e l a y t p e r
d e f i n e d e l a y tmix
" d 2 0 = ( 0 . 5 s / l 31)−( p 2 0 / 2 ) "
" t p e r =1 / l 31"
" tmix = l 1∗ t p e r "
" c n s t 10= tmix "
" c n s t 11= t p e r "
" c n s t 20=0"
" d8 = 1 / (2∗ c n s t 1 ) "
aqseq 321
1 ze
2 d1 do : f 1 do : f 2 do : f 3 ; d e c o u p l e r s o f f
d12 r e s e t : f 1 r e s e t : f 2 r e s e t : f 3
d12 p l 1 : f 1
d12 p l 1 2 : f 2 p l 1 3 : f 3
d12 cpds 2 : f 2 cpds 3 : f 3
d12 fq = c n s t 2 2 : f 1
( p1 ph 2 ) : f 1
d0
( p1 ph 1 ) : f 1
d12 fq = c n s t 2 0 : f 1
d12 do : f 2 do : f 3
d12 p l 2 0 : f 1
3
d20
( p 2 0 : s p f 1 ph 2 7 ) : f 1
d20 i p p 27
l o t o 3 t i m e s l 1
d12 p l 1 : f 1
d12 p l 2 : f 2
( p1 ph 0 ) : f 1
d8
( p3 ph 3 ) : f 2
d12 cpds 3 : f 3
d10
( p1∗2 ph 0 ) : f 1
d10
d12 do : f 3
( p3 ph 4 ) : f 2
d8
d12 p l 1 2 : f 2 ; p l 1 3 : f 3
d12 cpd 2 : f 2 ; cpd 3 : f 3
go=2 ph 31
236
d11 do : f 1 do : f 2 do : f 3 mc #0 t o 2
F1PH( rd 10 & i p 2 , i d 0 )
F2PH( i p 3 , i d 10)
e x i t
HXX_cp_rfdr
;HXX_ cp _ r f d r
; d1 : r e c y c l e d e l a y
; d11 : d e l a y f o r d i s k I /O [30 msec ]
; d12 : s h o r t s w i t c h i n g d e l a y [3 usec ]
; p1 : X 90 deg p u l s e
; p3 : 1H 90 deg p u l s e
; p15 : 1H,X cp c o n t a c t t ime
; p20 : X RFDR p i p u l s e
; p l 1 : X power l e v e l
; p l 2 : 1H power l e v e l
; p l 3 : Y power l e v e l [0 W, n o t used ]
; p l 11 : 1H power l e v e l d e c o u p l i n g
; p l 12 : X power l e v e l d e c o u p l i n g
; p l 13 : Y power l e v e l d e c o u p l i n g
; p l 15 : X cp power l e v e l
; p l 16 : 1H cp power l e v e l
; p l 20 : X RFDR p i power l e v e l
; spnam1 : 1H cp ramp shape
; spnam 10 : X RFDR p i p u l s e shape
; c n s t 20 : z e r o [ Hz ]
; c n s t 21 : 13C o f f s e t midd le o f a l i p h a t e s [ Hz ]
; l 1 : number o f RFDR p i p u l s e s
; l 31 : MAS f r e q u e n c y [ Hz ]
; Sam Asami , AG Rei f , TU Munich
d e f i n e d e l a y t p e r
d e f i n e d e l a y tmix
" d11=30m"
" d12=3u "
" i n 0= i n f 1"
" t p e r =1 / l 31"
" tmix =9∗p20∗ l 1"
" c n s t 10= tmix "
" c n s t 11= t p e r "
" c n s t 20=0"
1 ze ; a c c u m u l a t e i n t o an empty memory
2 d1 do : f 2 do : f 3 ; r e c y c l e de lay , d e c o u p l e r o f f i n go−l oop
d12 p l 2 : f 2 p l 1 3 : f 3 ; p r e s e l e c t p l 2 d r i v e power f o r F 2 , p l 1 f o r F1
d12 p l 1 1 : f 1
d12 cpds 1 : f 1
d12 fq = c n s t 2 1 : f 2
( p3 ph 1 ) : f 2 ; p r o t o n 90 p u l s e
d0
d12 do : f 1
d12 fq = c n s t 2 0 : f 2
( p 1 5 : s p f 1 p l 16 ph 0 ) : f 2 ( p15 p l 15 ph 2 ) : f 1
d12 p l 1 2 : f 2 p l 1 : f 1
d12 cpds 2 : f 2 cpds 3 : f 3
d12
d10
( p1 ph 5 ) : f 1
d12
d12 do : f 2 do : f 3
d12 p l 2 0 : f 1
3
( p 2 0 : s p f 10 ph 1 0 ) : f 1
( p 2 0 : s p f 10 ph 1 1 ) : f 1
( p 2 0 : s p f 10 ph 1 2 ) : f 1
( p 2 0 : s p f 10 ph 1 3 ) : f 1
( p 2 0 : s p f 10 ph 1 4 ) : f 1
( p 2 0 : s p f 10 ph 1 5 ) : f 1
( p 2 0 : s p f 10 ph 1 6 ) : f 1
( p 2 0 : s p f 10 ph 1 7 ) : f 1
( p 2 0 : s p f 10 ph 1 8 ) : f 1
l o t o 3 t i m e s l 1
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d12 p l 1 : f 1
( p1 ph 6 ) : f 1
d12 p l 1 2 : f 2 p l 1 3 : f 3
d12 cpds 2 : f 2 cpds 3 : f 3
d12
go=2 ph 31
d12 do : f 1 do : f 2 do : f 3 ; d e c o u p l e r o f f
d11 mc #0 t o 2
F1PH ( rd 10& i p 1 , i d 0 )
F2PH ( i p 5 , i d 10)
HaltAcqu , 1m
e x i t
HC_cp_homCdec.wsct
;HC_ cp _homCdec . wsc t
; d1 : r e c y c l e d e l a y
; d11 : d e l a y f o r d i s k I /O [30 msec ]
; d12 : s h o r t s w i t c h i n g d e l a y [3 usec ]
; p1 : 1H 90 deg p u l s e
; p3 : 13C 90 deg p u l s e
; p10 : 1H s o l v e n t supp . p u l s e [~10−20 ms ]
; p15 : 1H, 1 3C cp c o n t a c t t ime
; p31 : 13C CO+Cb s e l e c t i v e p u l s e l e n g t h [~4 ms ]
; p l 1 : 1H power l e v e l
; p l 2 : 13C power l e v e l
; p l 3 : Y power l e v e l [0 W, n o t used ]
; p l 10 : 1H s o l v e n t supp . power [~20 kHz ]
; p l 11 : 1H power l e v e l d e c o u p l i n g
; p l 12 : 13C power l e v e l d e c o u p l i n g
; p l 13 : Y power l e v e l d e c o u p l i n g
; p l 15 : 1H cp power l e v e l
; p l 16 : 13C cp power l e v e l
; p l 22 : 13C power l e v e l f o r hom . d e c o u p l i n g
; spnam1 : 1H cp ramp shape
; spnam 15 : 13C CO+Cb s e l e c t i v e p u l s e shape
; cpdprg 8 : 13C hom . d e c o u p l i n g s e q u e n c e [ p5m4 sp 1 8 0 . p 31]
; Sam Asami , AG Rei f , TU Munich
# i n c l u d e <Avance . i n c l >
# i n c l u d e <Delay . i n c l >
" i n 0= i n f 1"




2 d1 do : f 1 do : f 2 do : f 3 ; d e c o u p l e r s o f f
d12 r e s e t : f 1 r e s e t : f 3 r e s e t : f 2
d12 p l 1 : f 1
p 1 : f 1 ph2
d12 p l 1 5 : f 1 p l 1 6 : f 2
( p15 ph 3 ) : f 2 ( p15 ph 0 ) : f 1
d12 p l 1 1 : f 1 p l 2 2 : f 2 p l 1 3 : f 3
d12 cpd 1 : f 1 cpd 3 : f 3 cpd 8 : f 2
d0
d12 do : f 2
d12 p l 2 : f 2
p 3 : f 2 ph0
d12
d2
d12 do : f 1
d12 p l 1 0 : f 1
( p10 ph 0 ) : f 1
( p10 ph 1 ) : f 1
( p10 ph 0 ) : f 1
( p10 ph 1 ) : f 1
p 3 : f 2 ph1
d12 p l 1 6 : f 2
d12 p l 1 5 : f 1
( p15 ph 6 ) : f 2 ( p15 ph 5 ) : f 1
d12 p l 1 2 : f 2




d12 do : f 1 do : f 2 do : f 3 ; d e c o u p l e r s o f f
d11 mc #0 t o 2
F1PH ( i p 3 , i d 0 & dd 2)
HaltAcqu , 1m
e x i t
hXH_hsqc_t1.ws
; hXH_ hsqc _ t 1 . ws
; d1 : r e c y c l e d e l a y
; d4 : 1 / ( 4 ∗ J (HX) )
; d11 : d e l a y f o r d i s k I /O [30 msec ]
; d12 : s h o r t s w i t c h i n g d e l a y [3 usec ]
; d21 : i n c r e m e n t f o r i n v . r e c o v e r y d e l a y [~20 ms ]
; p1 : 1H 90 deg p u l s e
; p3 : X 90 deg p u l s e
; p5 : Y 90 deg p u l s e
; p10 : 1H s o l v e n t supp . p u l s e [~10−20 ms ]
; p20 : 1H RFDR p i p u l s e
; p l 1 : 1H power l e v e l
; p l 2 : X power l e v e l
; p l 3 : Y power l e v e l
; p l 10 : 1H s o l v e n t supp . power [~20 kHz ]
; p l 12 : X power l e v e l d e c o u p l i n g
; p l 13 : Y power l e v e l d e c o u p l i n g
; c n s t 1 : J (HX) s c a l a r c o u p l i n g [ Hz ]
; c n s t 2 1 : 1H o f f s e t [ Hz ]
; l 1 : number o f c y c l e s o f i n v . r e c o v e r y d e l a y
; Sam Asami , AG Rei f , TU Munich
# i n c l u d e <Avance . i n c l >
" i n 0= i n f 1 / 2 "
" d 4 = 1 . 0 / ( 4∗ c n s t 1 ) "
" d11=30ms"
" d12=3u "
;X (= 13C / 15N) T1 i n v e r s i o n r e c o v e r y p e r i o d
" d20=d21−p 1∗2 .0"
" d22=d21−p 5∗2 .0"
d e f i n e d e l a y i n v r e c
" i n v r e c = l 1∗(2∗d 2 1 ) "
" c n s t 10= i n v r e c "
1 ze
2 d1 do : f 1 do : f 2 do : f 3
d12 p l 1 : f 1 p l 2 : f 2
d12 fq = c n s t 2 1 : f 1
( p1 ph 1 ) : f 1
d4
( c e n t e r ( p 1∗2.0 ph 0 ) : f 1 ( p 3∗2.0 ph 0 ) : f 2 )
d4
( c e n t e r ( p1 ph 3 ) : f 1 ( p3 ph 7 ) : f 2 )
d4
( c e n t e r ( p 1∗2.0 ph 0 ) : f 1 ( p 3∗2.0 ph 0 ) : f 2 )
d4
d12 p l 1 3 : f 3
d12 cpds 3 : f 3
d0
( p 1∗2.0 p l 1 ph 3 ) : f 1
d0
d12 do : f 3
; f l i p back
( p3 ph 5 ) : f 2
d12 do : f 1
d12 p l 3 : f 3
; 13C T1 i n v e r s i o n r e c o v e r y
3
d20
( p 1∗2.0 ph 0 ) : f 1
( p 5∗2.0 ph 0 ) : f 3
d22
l o t o 3 t i m e s l 1
; z f i l t e r and 1H s a t u r a t i o n f o r s o l v e n t s u p p r e s s i o n
d12 fq =0: f 1
d12 p l 1 0 : f 1
( p10 ph 1 1 ) : f 1
( p10 ph 1 2 ) : f 1
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( p10 ph 1 1 ) : f 1
( p10 ph 1 2 ) : f 1
d12 p l 1 : f 1
( p3 ph 6 ) : f 2
d4
( c e n t e r ( p 1∗2.0 ph 0 ) : f 1 ( p 3∗2.0 ph 0 ) : f 2 )
d4
( c e n t e r ( p1 ph 4 ) : f 1 ( p3 ph 9 ) : f 2 )
d4
( c e n t e r ( p 1∗2.0 ph 0 ) : f 1 ( p 3∗2.0 ph 0 ) : f 2 )
d4
d12 p l 1 2 : f 2
d12 cpds 2 : f 2
go=2 ph 31
d12 do : f 2
d11 mc #0 t o 2 F1PH( i p 7 , i d 0 )
HaltAcqu , 1m
e x i t
hXH_hsqc_redor.ws
; hXH_ hsqc _ r e d o r . ws
; d1 : r e c y c l e d e l a y
; d4 : 1 / ( 4 ∗ J (HX) )
; d7 : REDOR s h i f t
; d8 : z f i l t e r [~5 ms ]
; d11 : d e l a y f o r d i s k I /O [30 msec ]
; d12 : s h o r t s w i t c h i n g d e l a y [3 usec ]
; d20 : r o t o r p e r i o d
; p1 : 1H 90 deg p u l s e
; p3 : X 90 deg p u l s e
; p5 : Y 90 deg p u l s e
; p10 : 1H s o l v e n t supp . p u l s e [~10−20 ms ]
; p18 : 1H REDOR p i p u l s e
; p19 : X REDOR p i p u l s e
; p20 : 1H RFDR p i p u l s e
; p l 1 : 1H power l e v e l
; p l 2 : X power l e v e l
; p l 3 : Y power l e v e l [0 W, n o t used ]
; p l 10 : 1H s o l v e n t supp . power [~20 kHz ]
; p l 12 : X power l e v e l d e c o u p l i n g
; p l 13 : Y power l e v e l d e c o u p l i n g
; p l 18 : 1H REDOR power
; p l 19 : X REDOR power
; c n s t 1 : J (HX) s c a l a r c o u p l i n g [ Hz ]
; c n s t 2 1 : 1H o f f s e t [ Hz ]
; l 0 : number REDOR b l o c k s
; Sam Asami , AG Rei f , TU Munich
; a d a p t e d from : Schanda e t a l . , Angew . Chem . I n t . Ed . 2011 , 50 , 11005−11009
# i n c l u d e <Avance . i n c l >
d e f i n e d e l a y t r e d o r
" t r e d o r =2∗ l 0 / c n s t 31"
" d 4 = 1 . 0 / ( 4 . 0∗ c n s t 1 ) "
" d11=30ms"
" d12=3u "
" i n 0= i n f 1 / 2 "
" c n s t 19= t r e d o r "
" d 20=1/ c n s t 31" ; r o t o r p e r i o d
" d25= l a r g e r ( 0 , d7−p 1 8 / 2 ) "
" d26=d20−p18−d7−p 19∗0 .5"
" d27=d20−p18∗1.5−d 7"
1 ze
2 d1 do : f 2
d12 rpp 8
d12 fq = c n s t 2 1 : f 1
d12 p l 1 : f 1 p l 2 : f 2
; 1H −> 13C INEPT
( p1 ph 1 ) : f 1
d4
( c e n t e r ( p 1∗2.0 ph 0 ) : f 1 ( p 3∗2.0 ph 0 ) : f 2 )
d4
( c e n t e r ( p1 ph 3 ) : f 1 ( p3 ph 7 ) : f 2 )
d4
( c e n t e r ( p 1∗2.0 ph 0 ) : f 1 ( p 3∗2.0 ph 0 ) : f 2 )
d4
d12 p l 1 3 : f 3
d12 cpds 3 : f 3
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d0
( p 1∗2.0 ph 3 ) : f 1
d0
d12 do : f 3
; z− f i l t e r
( p3 ph 5 ) : f 2
d8 do : f 1
( p3 ph 3 ) : f 2
; REDOR p e r i o d
d7 p l 1 9 : f 2 p l 1 8 : f 1
( p18 ph8 i p p 8 ) : f 1
i f ( l 0 > 0)
{
3 d27
( p18 ph8 i p p 8 ) : f 1
d25
( p18 ph8 i p p 8 ) : f 1
l o t o 3 t i m e s l 0
}
d26 dpp8
( p19 ph 1 5 ) : f 2
d26
i f ( l 0 > 0)
{
4 ( p18 ph8 dpp 8 ) : f 1
d25
( p18 ph8 dpp 8 ) : f 1
d27
l o t o 4 t i m e s l 0
}
( p18 ph8 dpp 8 ) : f 1
d7
p l 2 : f 2
; z f i l t e r and 1H s a t u r a t i o n f o r s o l v e n t s u p p r e s s i o n
( p3 ph 1 0 ) : f 2
d12 fq =0: f 1
d12 p l 1 0 : f 1
( p10 ph 1 1 ) : f 1
( p10 ph 1 2 ) : f 1
( p10 ph 1 1 ) : f 1
( p10 ph 1 2 ) : f 1
d12 p l 1 : f 1
( p3 ph 6 ) : f 2
d4
( c e n t e r ( p 1∗2.0 ph 0 ) : f 1 ( p 3∗2.0 ph 0 ) : f 2 )
d4
( c e n t e r ( p1 ph 4 ) : f 1 ( p3 ph 9 ) : f 2 )
d4
( c e n t e r ( p 1∗2.0 ph 0 ) : f 1 ( p 3∗2.0 ph 0 ) : f 2 )
d4
d12 p l 1 2 : f 2
d12 cpds 2 : f 2
go=2 ph 31
d12 do : f 2
d11 mc #0 t o 2 F1PH( i p 7 , i d 0 )
HaltAcqu , 1m
e x i t
Numerical spin simulation scripts
SIMPSON: redor_1h_13c.in
p roc p u l s e q {} {
# d7 = REDOR s h i f t [ us ]
g l o b a l p a r r f _p18 r f _p19 d7
maxdt 0 . 5
s e t N_REDOR [ expr $ p a r ( np ) ]
s e t p18 [ exp r <P18 >]
s e t p19 [ exp r <P19 >]
s e t d20 [ exp r 1 . 0 e 6 / $ p a r ( s p i n _ r a t e ) ]
s e t d7 [ exp r <REDOR_SHIFT >]
s e t d25 [ exp r $d7−0.5∗$p 18]
s e t d26 [ exp r $d20−$p18−$d7−0.5∗$p 19]
s e t d27 [ exp r $d20−1.5∗$p18−$d 7]
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s e t dw [ exp r 0 . 5 e 6 / $ p a r ( s p i n _ r a t e ) ]
#∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗#
# p r o p a g a t o r s ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗#
#∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗#
f o r { s e t i _REDOR 0 } { $ i _REDOR < $N_REDOR } { i n c r i _REDOR } {
r e s e t
i f [ exp r $ i _REDOR == 0] {
prop 1
acq
} e l s e i f [ exp r $ i _REDOR == 1] {
prop 2
acq
} e l s e {
s e t c o u n t [ exp r $ i _REDOR − 1]
####################################################
# b l o c k 2 −−> 1 s t REDOR loop b l o c k
r e s e t
s e t i _ phase [ exp r 1 + ($ c o u n t − 1)∗2]
s e t i _ phase _ n e t [ g e t p h a s e _ i $ i _ phase ]
s e t i _ prop [ exp r 200 + $ i _ phase _ n e t ]
prop 20
prop $ i _ prop
s t o r e 20
####################################################
# b l o c k 5 −−> main 2nd REDOR loop b l o c k
r e s e t
s e t i _ phase [ exp r 1 + ($ c o u n t )∗2]
s e t i _ phase _ n e t [ g e t p h a s e _ i $ i _ phase ]
s e t i _ prop [ exp r 500 + $ i _ phase _ n e t ]
prop $ i _ prop
prop 50
s t o r e 50
####################################################
# s e t p u l s e s e q u e n c e
r e s e t
####################################################
# b l o c k 1
prop 100
####################################################
# b l o c k 2 −−> 1 s t REDOR loop b l o c k
prop 20
####################################################
# b l o c k 3 −−> REDOR 13C r e f o c u s s i n g
s e t i _ phase [ exp r 1 + ($ c o u n t )∗2]
s e t i _ phase _ n e t [ g e t p h a s e _ i $ i _ phase ]
s e t i _ prop [ exp r 300 + $ i _ phase _ n e t ]
prop $ i _ prop
####################################################
# b l o c k 5 −−> main 2nd REDOR loop b l o c k
prop 50
####################################################







p roc main {} {
g l o b a l p a r
# n u c l e i :
# 1 = RNA: G17−H8 (475H8)
# 2 = RNA: G17−C8 (457C8)
# 3 = p r o t e i n : G31−HN (710H)
# 4 = p r o t e i n : G31−N (706N)
s e t p i [ exp r a s i n ( 1 )∗ 2 . 0 ]
# D ip o l e : H2−−>C (1−2)
s e t r 3 [ d i p 2 d i s t 1H 13C −23268]
# D ip o l e : H1−−>N (3−4)
s e t r 1 [ d i p 2 d i s t 1H 15N 12180]
p u t s " \ n1H RNA (4 s p i n _2x1h_0x2h_1x13 c _1x15n , 2 a n g l e s ) \ n "
242
f o r e a c h { a n g l e _ b e t a 2} { 0 .0001 54 .7356 90 10 20 30 40 50 60 70 80 } {
f o r e a c h { a n g l e _ b e t a 1} { 0 .0001 54 .7356 90 } {
s e t a n g l e _ b e t a 1_ r a d [ exp r $ a n g l e _ b e t a 1∗$ p i / 1 8 0 . 0 ]
s e t a n g l e _ b e t a 2_ r a d [ exp r $ a n g l e _ b e t a 2∗$ p i / 1 8 0 . 0 ]
f o r e a c h { d i p o l e _ s c a l e } { 1 0 .00001 0 .0001 0 .001 0 . 0 1 0 . 1 0 . 2 0 . 3
0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 . 5 2 2 . 5 3 3 . 5
4 4 . 5 5 5 . 5 6 6 . 5 7 7 . 5 8 } {





s e t d i p o l e _H1_H2 [ exp r −1103.5∗$ d i p o l e _ s c a l e ]
s e t d i s t _H1_H2 [ d i p 2 d i s t 1H 1H $ d i p o l e _H1_H2]
s e t r 2 [ exp r $ d i s t _H1_H2]
# H2−−>C (1−2)
s e t d i s t _H2_C [ exp r $ r 3 ]
s e t d i p o l e _H2_C [ d i s t 2 d i p 13C 1H $ d i s t _H2_C]
# N−−>H2 (4−1)
s e t d i s t _N_H2 [ exp r ( (−$ r 2∗ s i n ($ a n g l e _ b e t a 1_ r a d ))∗∗2 +
($ r 2∗ cos ($ a n g l e _ b e t a 1_ r a d )+$ r 1)∗∗2 )∗∗0 . 5 ]
s e t d i p o l e _N_H2 [ d i s t 2 d i p 15N 1H $ d i s t _N_H2]
# H1−−>C (3−2)
s e t d i s t _H1_C [ exp r ( (−$ r 3∗ s i n ($ a n g l e _ b e t a 1_ r a d +$ a n g l e _ b e t a 2_ r a d )−
$ r 2∗ s i n ($ a n g l e _ b e t a 1_ r a d ))∗∗2 + ($ r 3∗
cos ($ a n g l e _ b e t a 1_ r a d +$ a n g l e _ b e t a 2_ r a d )+$ r 2∗ cos ($ a n g l e _ b e t a 1_ r a d ))∗∗2 )∗∗0 . 5 ]
s e t d i p o l e _H1_C [ d i s t 2 d i p 13C 1H $ d i s t _H1_C]
# N−−>C (4−2)
s e t d i s t _N_C [ exp r ( (−$ r 3∗ s i n ($ a n g l e _ b e t a 1_ r a d +$ a n g l e _ b e t a 2_ r a d )−
$ r 2∗ s i n ($ a n g l e _ b e t a 1_ r a d ))∗∗2 + ($ r 3∗
cos ($ a n g l e _ b e t a 1_ r a d +$ a n g l e _ b e t a 2_ r a d )+$ r 2∗ cos ($ a n g l e _ b e t a 1_ r a d )+$ r 1)∗∗2 )∗∗0.5 ]
s e t d i p o l e _N_C [ d i s t 2 d i p 13C 15N $ d i s t _N_C]
# a n g l e : N_H1_N_H2 = a l p h a 1
s e t a n g l e _N_H1_N_H2_ r a d [ exp r acos ( ($ r 1∗$ r 2∗ cos ($ a n g l e _ b e t a 1_ r a d )+$ r 1∗∗2) /
($ r 1∗ ( ($ r 2∗ s i n ($ a n g l e _ b e t a 1_ r a d ))∗∗2 + ($ r 2∗ cos ($ a n g l e _ b e t a 1_ r a d )+$ r 1)∗∗2)∗∗0.5) ) ]
s e t a n g l e _N_H1_N_H2 [ exp r 180 .0∗ ($ a n g l e _N_H1_N_H2_ r a d ) / $ p i ]
s e t a n g l e _ a l p h a 1 [ exp r $ a n g l e _N_H1_N_H2]
# a n g l e : H1_H2_H1_C = a l p h a 2
s e t a n g l e _H1_H2_H1_C_ r a d [ exp r acos ( ($ r 2∗$ r 3∗ cos ($ a n g l e _ b e t a 1_ r a d +$ a n g l e _ b e t a 2_ r a d )+
$ r 2∗∗2∗cos ($ a n g l e _ b e t a 1_ r a d ) ) / ($ r 2∗((−$ r 3∗ s i n ($ a n g l e _ b e t a 1_ r a d +$ a n g l e _ b e t a 2_ r a d )−
$ r 2∗ s i n ($ a n g l e _ b e t a 1_ r a d ))∗∗2 + ($ r 3∗ cos ($ a n g l e _ b e t a 1_ r a d +$ a n g l e _ b e t a 2_ r a d )
+$ r 2∗ cos ($ a n g l e _ b e t a 1_ r a d ) )∗∗2)∗∗0 .5 ) ) ]
s e t a n g l e _H1_H2_H1_C [ exp r 180 .0∗ ($ a n g l e _H1_H2_H1_C_ r a d ) / $ p i ]
s e t a n g l e _ a l p h a 2 [ exp r $ a n g l e _H1_H2_H1_C]
# a n g l e : N_H1_N_C = a l p h a 3
s e t a n g l e _N_H1_N_C_ r a d [ exp r acos ( ($ r 1∗$ r 3∗ cos ($ a n g l e _ b e t a 1_ r a d +$ a n g l e _ b e t a 2_ r a d )+
$ r 1∗$ r 2∗ cos ($ a n g l e _ b e t a 1_ r a d )+$ r 1∗∗2) / ($ r 1∗((−$ r 3∗ s i n ($ a n g l e _ b e t a 1_ r a d +$ a n g l e _ b e t a 2_ r a d )−
$ r 2∗ s i n ($ a n g l e _ b e t a 1_ r a d ))∗∗2+($ r 3∗ cos ($ a n g l e _ b e t a 1_ r a d +$ a n g l e _ b e t a 2_ r a d )+
$ r 2∗ cos ($ a n g l e _ b e t a 1_ r a d )+$ r 1)∗∗2)∗∗0.5) ) ]
s e t a n g l e _N_H1_N_C [ exp r 180 .0∗ ($ a n g l e _N_H1_N_C_ r a d ) / $ p i ]
s e t a n g l e _ a l p h a 3 [ exp r $ a n g l e _N_H1_N_C]
############################
# SET DIPOLAR COUPLINGS
############################
# H1−−>H2 (3−1)
l a p p e n d v a r [ l i s t d i p o l e _1_3_ a n i s o $ d i p o l e _H1_H2]
# H2−−>C (1−2)
l a p p e n d v a r [ l i s t d i p o l e _1_2_ a n i s o $ d i p o l e _H2_C]
# N−−>H2 (4−1)
l a p p e n d v a r [ l i s t d i p o l e _1_4_ a n i s o $ d i p o l e _N_H2]
# H1−−>C (3−2)
l a p p e n d v a r [ l i s t d i p o l e _2_3_ a n i s o $ d i p o l e _H1_C]
# N−−>C (4−2)
l a p p e n d v a r [ l i s t d i p o l e _2_4_ a n i s o $ d i p o l e _N_C]
############################
# SET DIPOLAR EULER ANGLES
############################
# H1−−>H2 (3−1)
l a p p e n d v a r [ l i s t d i p o l e _1_3_ b e t a $ a n g l e _ b e t a 1 ]
# H2−−>C (1−2)
l a p p e n d v a r [ l i s t d i p o l e _1_2_ b e t a [ exp r $ a n g l e _ b e t a 1+$ a n g l e _ b e t a 2 ] ]
# N−−>H2 (4−1)
l a p p e n d v a r [ l i s t d i p o l e _1_4_ b e t a $ a n g l e _ a l p h a 1 ]
# H1−−>C (3−2)




l a p p e n d v a r [ l i s t d i p o l e _2_4_ b e t a $ a n g l e _ a l p h a 3 ]
p u t s "H1 ,N d i s t a n c e = $ r 1"
p u t s "H1 ,H2 d i s t a n c e = $ r 2"
p u t s "H2 ,C d i s t a n c e = $ r 3"
p u t s " a n g l e ( b e t a 1 ) = $ a n g l e _ b e t a 1"
p u t s " a n g l e ( b e t a 2 ) = $ a n g l e _ b e t a 2"
p u t s " a n g l e ( a l p h a 1 ) = $ a n g l e _ a l p h a 1"
p u t s " a n g l e ( a l p h a 2 ) = $ a n g l e _ a l p h a 2"
p u t s " a n g l e ( a l p h a 3 ) = $ a n g l e _ a l p h a 3"
p u t s " d i p o l e _ s c a l e = $ d i p o l e _ s c a l e "
p u t s " "
s e t f [ f s i m p s o n $ v a r ]
f p h a s e $ f −s c a l e [ exp r 0 . 2∗9 6 / 1 0 0 ]
f a d d l b $ f 5 0
f z e r o f i l l $ f 131072
f f t $ f
f e x t r a c t $ f 5500 6240
s e t spename [ f s a v e $ f 4 s p i n _2x1h_0x2h_1x13 c _1x15n_1 b e t a $ a n g l e _ b e t a 1
\ _ 2 b e t a $ a n g l e _ b e t a 2 \ _ s c a l e $ d i p o l e _ s c a l e . spe ]
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